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 As water resources gain value across the Mid-South, alternative irrigation strategies of 
rice (Oryza sativa L.) have garnered increasing attention. In 2015, an estimated 1.7% of 
Arkansas rice hectarage used alternate wetting and drying (AWD) irrigation and 0.9% used 
furrow irrigation. As of 2020, 2.5% used AWD and 16.9% used furrow irrigation, the latter 
accounting for near 99,000 ha in Arkansas. Little information exists in the scientific literature in 
relation to management of rice grown in the Mid-South without a conventional flood. This fact 
coupled with the rapid adoption rate, especially for furrow-irrigated rice (FIR), during the last 
five years prompted the need for additional scientific information. Studies were initiated from 
2018 through 2020 to examine several management differences under alternative irrigation 
strategies, including irrigation timing, fertilizer-nitrogen (N) management, and nutrient uptake 
surveys. Large block trials were conducted in 2018 and 2019 to assess the proper irrigation 
timing for AWD and FIR at a total of four site-years per irrigation method. Small-plot trials were 
conducted in the top (aerobic) and bottom (generally flooded, anaerobic) of FIR fields from 2018 
to 2020 at thirteen sites to determine the optimum N management program for FIR on clayey and 
silt loam soils. From these small-plot trials, aboveground biomass samples were taken at R3 
(50% heading) to analyze the nutrient uptake including N, phosphorus (P), potassium (K), zinc 
(Zn), and eight other plant-essential nutrients. Results indicate that AWD and FIR can be 
allowed to dry to at least -45 kPa in the upper third of the field at depth of 10 cm prior to each 
irrigation event. The optimal N program for FIR on clayey soils was a three-way split 
application, which included an additional 52 kg N ha-1 over the recommended season total N rate 
for flooded rice production, but further economic analysis is certainly needed. While this 
program also maximized rice grain and milling yield on a silt loam soil, it appears that the extra 
 
 
52 kg N ha-1 may not be needed and that more management options may be possible to optimize 
FIR production on a silt loam soil. However, it appears that there is no need to manage the top 
and bottom of the field separately in terms of N management. Nutrient uptake surveys from sites 
on both clayey and silt loam soil textures suggest that P and K uptake are much less at the top of 
the field, where aerobic conditions generally exist throughout the season. Thus, it may be 
necessary to focus on P and K management in FIR in the future and amended management 
recommendations may be advised. Through the studies conducted as a part of this project, it has 
been shown that AWD and FIR production are viable methods for growing rice in the Mid-
South. The management aspects examined in the current studies should allow rice producers 
considering AWD, and especially FIR, to maximize rice grain yield and milling yield while 
minimizing the potential negative environmental impact associated with the transition to these 
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CHAPTER ONE: Introduction 
 
Rice (Oryza sativa L.) originated as a wild grass at least 130 million years ago and was 
domesticated around 9,000 years ago in Asia. The first record of rice in the USA is from 1685, 
where it was most likely brought over by slave trade from Madagascar (Khush, 1997). Today 
rice is grown in a wide range of areas, including all six continents where row crop agriculture is 
practiced (Chauhan et al., 2017). Rice production in Arkansas began in 1902 in Lonoke County 
and is now grown in 40 of the 75 counties, but found predominately in the eastern Arkansas delta 
region (Hardke, 2018).  
Many areas of the world rely on rice as a staple part of their diet due to its relatively 
inexpensive price. Over 90% of the production and consumption of rice occurs in Asia (Khush, 
1997). Khush predicted that world production of rice alone would need to increase to 850 million 
metric tons by 2025 to feed the increasing population. Projections for 2017-18 global rice 
production, however, are at 483.5 million metric tons, with the USA playing a small part at just 
5.664 million metric tons (Childs, 2017). Although the USA accounts for only 2% of global rice 
production, about 40% is exported, making up 12% of global rice trade (Weber and Lee, 2006). 
Economic Importance of Rice Production in Arkansas 
 The rice industry is of extreme importance to Arkansas’ economy, ranking in the top 
three commodities in total cash receipts. In fact, Arkansas produces just under 50% of the total 
USA rice crop, putting it at number one for both area planted and metric tons of rice produced 
(Hardke, 2018; USDA-NASS, 2017). The Arkansas rice crop hectarage and yield can vary 
widely from year to year. Through the last ten years (2008-2017) rice harvested area in Arkansas 
has averaged 548,106 ha with a value of over $1.1 billion (USDA-NASS, 2017). In 2017, 
Arkansas producers harvested 442,321 ha of rice at an average rice grain yield of 8,294 kg ha-1 
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(Hardke et al., 2018). In 2016, Arkansans harvested 615,527 ha of rice at an average rice grain 
yield of 8,070 kg ha-1 (Hardke et al., 2017b). Using USDA season-average farm prices (SAFP) 
of $207 to $225 ton-1 (Childs, 2017), the industry had a value of $938 million to $1.02 billion in 
2017 and $1.27 to $1.38 billion in 2016 in cash receipts to the state. Since the harvested area 
reached 623,000 ha in 1981, that number has fluctuated from 370,000 ha in 1981 to a record 
722,000 ha in 2010 (USDA-NASS, 2017). Fluctuation in the land area devoted to rice production 
can be a result of markets, crop rotation, seed supply, weather at time of planting, and other 
factors.  
Nitrogen Management in Rice Production 
 Nitrogen (N) is a crucial nutrient to maximize rice performance and also one that is easily 
lost from the soil profile, namely due to ammonia volatilization and nitrification-denitrification 
in rice soils. Recommended N rates for common rice cultivars in Arkansas can be found in Table 
1. Applied urea-N fertilizer is subjected to ammonia volatilization when not properly 
incorporated in a timely manner after application (Roberts et al., 2016). Urea topdressed onto a 
moist soil at high temperature and pH is especially prone to ammonia volatilization (Ernst & 
Massey, 1960). When urea is applied it is readily hydrolyzed by urease enzymes present in the 
soil, which significantly increases the soil pH around the applied urea and thus volatilization 
potential. Once N fertilizer is converted to nitrate, denitrification can occur at rates of up to 112 
kg nitrate-N ha-1 yr-1 (Nelson & Huber, 1992). Both denitrification and ammonia volatilization 
can be reduced with the use of inhibitor products, critical to maintaining optimal fertilizer 
efficiency and rice grain yield. 
 Ammonia volatilization inhibitors are products that can delay and reduce volatilization of 
N fertilizer by delaying the activity of the urease enzyme, which converts urea to ammonia gas 
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N Rate a 
Rates and Distribution for 2-way split application 




N Rate c 
Late Boot N 
Rate d 
--------------------kg N ha-1-------------------- 










146 168 118 50 - 
RT 7301, RT 7321 
FP, RT 7401, RT 
7501, RT 7521 FP, 
RT 7801, RT XP753 
- 168 135 - 33 
a Conditions required for use of optimum single preflood N rate:  field can be flooded timely 
(<7 days), preflood urea is treated with a recommended urease inhibitor that includes NBPT or 
ammonium sulfate is used as the N source, can maintain a 5-10 cm flood depth for at least 
three weeks following flood establishment, and the preflood N must be applied uniformly 
across the field. 
b N rate for rice on silt loam soils following soybean in rotation. Rates may need adjustment 
based on factors below. 
c Apply midseason N in one application a minimum of three weeks after the preflood N 
application and internode elongation has started, both conditions must be met to receive 
maximum benefit from the midseason N.  
d Hybrids receive additional N at late boot rather than midseason. Refer to DD50 for proper 
timing of this application. 
e Total of 135 but may be split 85-50 or 101-34  
f Adapted from Hardke et al. (2021) 
 
(Roberts et al., 2016). One specific ammonia volatilization inhibitor, n-butyl thiophosphoric 
triamide (NBPT), can attach to the active site of the nickel-based urease enzyme in three points, 
making it a very strong inhibitor (Manunza et al., 1999). The NBPT molecule has become the 
most popular ammonia volatilization inhibitor and has increased rice grain yield by 1,000 to 
1,500 kg ha-1 when establishment of a permanent flood was delayed more than 2 to 3 days on a 
Calloway silt loam soil with pH 7.3 to 7.6 (Norman et al., 2003b). Roth et al. (2009) summarized 
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that ammonia volatilization could be significantly decreased for more than 2 weeks with the 
addition of higher rates of NBPT to urea-N fertilizer. It has also been quantified that in the 
presence of conditions promoting significant N loss due to ammonia volatilization, an additional 
34 kg of untreated N would be required to attain a rice grain yield similar to that of N treated 
with NBPT (Hendrickson, 1992). 
Nitrification inhibitors are products that can delay nitrification by altering activity of the 
Nitrosomonas spp. bacteria and have been used with varying success across differing soil 
textures (Roberts et al., 2016). Dicyandiamide (DCD) has been shown to significantly decrease 
pre-plant N losses and increase rice grain yield on a Crowley silt loam near Stuttgart, AR 
(Norman et al., 1989.) Contrary to these findings, Wilson et al. (1990) found that rice grain yield 
was not increased with the use of DCD-treated preplant applied urea on a Crowley silt loam but 
did agree that nitrification was significantly inhibited for 28 days after application. Russo (1995) 
found no yield increase with the addition of 2% DCD on a sandy soil in Italy. In corn (Zea mays 
L.), 43% of yield studies in the Southeast USA showed an average grain yield increase of 15% 
with the addition of a nitrification inhibitor to ammoniacal fertilizers (Nelson & Huber, 1992). 
Nitrapyrin, another proven nitrification inhibitor, has provided benefit to corn on a poorly 
drained Arkansas soil when added to injected 32% urea ammonium nitrate (UAN; Slaton et al., 
2016), suggesting that nitrapyrin could also be effective when rice is grown aerobically on 
certain soils. 
Polymer coated urea (PCU) has become available in Arkansas over the past few years 
under the trade name Environmentally Smart Nitrogen (ESN, Agrium Wholesales, Denver, CO). 
Similar slow-release N fertilizer sources have proven beneficial in peanut production on coarser 
soil textures when N availability matches the plant’s N demand (Wen et al., 2001). Slow-release 
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N fertilizer has also increased yield in corn, bell pepper, and potato in low areas of the field and 
in wet years (Noellsch et al., 2009; Wiedenfeld, 1986; Wilson et al., 2009). In previous rice 
studies, ESN applied pre-plant reduced rice grain yield compared to urea applied preflood in a 
direct-seeded, delayed-flood system (Golden et al., 2009). Reduction in rice grain yield using 
preplant ESN was likely due to 75% of the N being released within 25 days, all before 
application of a permanent flood and the subsequent period of rapid N uptake in rice. ESN has 
shown mixed results in Arkansas irrigated cotton (Gossypium hirsutum L.) and corn and has 
been more successful in seasons with above average precipitation (Mozaffari et al., 2013; 
Mozaffari et al., 2014), suggesting potential with the large irrigation input into furrow-irrigated 
rice. 
Water Management in Mid-South Rice Production 
 Rice production in the Mid-South requires “an adequate supply of good quality irrigation 
water,” due to the fact that disease management, nutrient management, weed and insect 
management, and overall profitability rely on proper irrigation (Henry et al., 2018). Henry et al. 
reported in 2016 that across 94 rice research verification program (RRVP) fields from 2003-
2012, water applied ranged from 254 to 1880 mm, with an average of 763 mm. Studies 
previously conducted in Texas, Missouri, Louisiana, and Arkansas concluded that rice grain 
yields are generally correlated to irrigation water applied (Van der Hoek, 2001). In a 2016 survey 
of University of Arkansas System Division of Agriculture county extension agents, 5.1% of rice 
hectares were reported to be water-seeded with the remainder utilizing a direct-seeded, delayed-
flood system (Hardke, 2017). Although conventional flood irrigation is most common, alternate 




Delayed-Flood Permanent Irrigation 
 Delayed-flood irrigation is still the most common irrigation practice in Arkansas and all 
of Mid-South rice production, accounting for 95.1% of the rice hectarage in a survey of 
University of Arkansas System Division of Agriculture county extension agents. Out of the 
95.1% of hectarage utilizing the direct-seeded, delayed-flood system, only 33.1% are using 
multiple inlet rice irrigation (also known as MIRI) with the remainder using the single inlet levee 
and gate cascade system (Hardke, 2017). The flood is applied at the V4 to V5 growth stage 
(Counce et al., 2000) and maintained until about two weeks prior to harvest in the direct-seeded, 
delayed-flood system (Henry et al., 2018). However, issues such as straighthead management, 
fertility (nutrient deficiencies), and herbicide injury can require the field to be briefly drained 
during the growing season. 
 Proper levee construction is imperative for effective flood irrigation of rice. Levees 
should be constructed approximately every 60 mm of elevation fall for most production fields 
(Henry et al., 2018). The two systems of levee construction are contour-levee and straight-levee 
systems. The contour-levee system involves constructing levees that follow the natural contours 
of the field so that a uniform flood depth can be established regardless of elevation differences in 
the field. A straight-levee system uses the same principle with the caveat that the land grade has 
been altered to fall in only one direction, straightening the contours of the field. If levee 
construction is not desired a field can be altered to zero-grade, meaning that the entire field is 
graded to the same elevation. A raised dike or road is constructed to surround the field, allowing 
irrigation without levees. The zero-grade system can be unrealistic for land with a steeper slope 
and also causes challenges in growing rotational crops (Henry et al., 2018). Hignight et al. 
(2009) estimated that the economically feasible upper limit for farmers and farm managers is 350 
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m3 of soil moved per acre, which including maintenance would total $949 acre-1 over 10 years. 
To put 350 m3 into perspective, 814 m3 of soil per acre would need to be moved to zero-grade a 
field averaging 0.1% slope. 
The single inlet continuous flood system generally involves taking advantage of gravity 
flow with a riser placed at the top, or highest elevation, of the field. Levees are then constructed 
and one to two gates are installed in each levee to allow water to cascade to the next rice paddy 
when it reaches a certain level that is predetermined based on the levee gate height. Levee gates 
are often set to hold a 5-10 cm flood in each paddy, as a 5-10 cm flood can produce optimal yield 
and minimal water loss (De Datta, 1981). Once the top paddy is filled to its designated level, 
each sequential paddy is flooded until the irrigation water reaches the bottom of the field. Due to 
the nature of the single inlet continuous flood system, every paddy is filled to the depth that is 
predetermined based on levee gate placement. The single inlet continuous flood system 
oftentimes allows no room to capture excess rainfall because no “freeboard” is available, 
resulting in a greater demand for water pumping and increased energy use potential. 
The MIRI continuous flood system involves using disposable irrigation tubing (poly-
pipe) stretched from a riser or multiple risers and running through all paddies. Outlets are pierced 
into the pipe in each paddy corresponding to the total flow from the riser and the area of the 
paddy being flooded, so that each paddy floods up simultaneously. The theory behind MIRI is to 
leave excess “freeboard” in each paddy to capture water from potential rainfall events. Multiple 
inlet irrigation can reduce potential problems from algal buildup at levee gates, levee washout 
risk due to heavy rainfall events, labor associated with irrigation, cold water effect, pumping 
cost, and total pumping time during the season (Henry et al., 2018). However, disadvantages also 
exist such as irrigation tubing cost, labor to install and maintain the tubing, and having to work 
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around the tubing. In addition, either trial and error or a flow meter to measure well flow 
accompanied by technology such as the Rice Irrigation phone application (University of 
Arkansas System Division of Agriculture, Little Rock, AR) are required to determine irrigation 
outlet number and size in the irrigation tubing. The MIRI system can also be practiced with 
underground pipe and a riser in each paddy, but the initial cost for underground pipe is often 
times prohibitive and can be restrictive to future changes in irrigation scheme.  
Smith et al. (2007) reported in a study of 81 Mississippi production rice fields that the 
average water usage in the contour-levee single inlet continuous flood system was 1,034 mm ha-1 
from 2003 to 2004. The contour-levee system was followed in water usage by the straight-levee 
single inlet continuous flood system, which used 856 mm of water ha-1. The straight-levee-MIRI 
system used 619 mm ha-1 of water, while zero-grade used just 382 mm ha-1. These results 
indicate a steady decrease of water usage across more advanced irrigation systems while still 
using a direct-seeded, delayed-flood approach (also referred to as ‘conventional flood’). The 
study additionally found the same trend across 20 fields in Arkansas: the contour-levee single 
inlet continuous flood system, contour-levee-MIRI, straight-levee single inlet continuous flood 
system, and straight-levee-MIRI used an average of 789, 702, 653, and 583 mm ha-1, 
respectively. However, there was no statistical difference due to the relatively small sample size. 
The lack of statistical difference also suggests that a wide range of water usage can exist due to 
differing management styles between producers utilizing the same system.  
Henry et al. (2016) showed no significant difference in rice grain yield between contour 
and straight levee irrigation. Regardless of soil texture, it was also reported that no water savings 
was obtained with MIRI compared to single inlet. Henry et al.’s findings were contrary to Smith 
et al. (2007) and Vories et al. (2005), who reported a 28% water savings by using MIRI. 
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Differences in water savings between studies could be due to the aforementioned differences in 
management styles between producers using the same system, as Vories et al. (2005) was the 
only study involving paired comparisons with the same producer. The MIRI system approached 
a rice grain yield increase (P<0.10) through the work of both Henry et al. (2016) and Vories et 
al. (2005), 454 and 250 kg ha-1 increases respectively. Henry et al. (2016) suggests that the 
increase in MIRI yield could be due to the disbursement of harmful cold water and bicarbonate 
common in Arkansas irrigation water, reduction of N volatilization by timely flood 
establishment, and timely herbicide activation. 
Alternate Wetting and Drying (AWD) Irrigation 
 Alternate wetting and drying (AWD), or intermittent flooding, is a rice irrigation practice 
that’s been used with success in neighboring states and other countries, but has not seen 
widespread adoption in Arkansas (Henry et al., 2018). It is managed similarly to the MIRI 
delayed-flood system; however, paddies are allowed to dry down to a certain predetermined level 
before irrigation is resumed. In Asian countries including Bangladesh, the Philippines, Myanmar, 
and Vietnam, the field water tube has become a common recommendation to determine when to 
irrigate. The field water tube can be constructed using plastic or PVC and is placed down to a 15 
to 30 cm depth, allowing the producer to visually see the perched water table (Lampayan et al., 
2015b). Work by Lampayan et al. (2015b) determined that the perched water table could be 
allowed to dry down to 30 cm on a clay soil without rice grain yield penalty while seeing an 
average water savings of 43 to 54% compared to a continuous flood in a transplanted rice 
system. An adequate well capacity should always be verified before attempting to practice 
AWD, as the soil is being allowed to dry down and inability to reapply irrigation in a timely 
matter could result in drought stress and an associated loss in rice grain yield. The AWD system 
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poses some challenges, but the potential to reduce total water usage with no reduction in rice 
grain yield is very appealing.  
 Asian countries, where food and water scarcity have been increasing for some time, have 
been experimenting with and practicing AWD since the 1990s. Lampayan et al. (2015a) reported 
that in the Philippines, Vietnam, and Bangladesh up to a 38% irrigation water savings was 
possible on a clay soil with no rice grain yield penalty if AWD was implemented correctly. A 
number of studies out of China, India, and the Philippines suggest that reducing the flood to 
where soil is still saturated can result in 20 to 25% less irrigation with a minimal effect on rice 
grain yield (Bouman and Tuong, 2001; Dong et al., 2001). Yao et al. (2012) achieved up to a 
38% irrigation water savings in adjacent fields without a rice grain yield penalty in hybrid rice. 
Reduction in irrigation water usage with the AWD system is often associated with reduced 
seepage, percolation, evaporation, and runoff potential (Dong et al., 2001). Bouman and Tong 
(2001) and Yao et al. (2012) also suggest that drying past the point of saturation throughout the 
growing season can significantly decrease rice grain yield and possibly increase the quantity of 
irrigation water needed on cracking clays as percolation increases. While Lampayan et al. 
(2015b) suffered no yield penalty when drying down to a 30 cm perched water table, a flood was 
maintained during flowering (R4), where drought stress can cause significant reduction of 
panicle exertion and result in spikelet sterility. Drought stress during this stage would likely 
result in a significant decrease in yield, possibly explaining the results reported by Bouman and 
Tong (2001) and Yao et al. (2012).  
Nutrient Management 
 The nutrient management recommendations generally do not differ in the AWD rice 
system compared to the delayed-flood system. Current University of Arkansas System Division 
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of Agriculture recommendations include applying preflood N at the same timing as in a delayed-
flood system, and then holding the flood for 21 days to stabilize and protect N from losses until 
the majority of uptake occurs (Henry et al., 2017). The uptake of preflood applied N is near 
completion by 21 days after application and incorporation (Wilson et al., 1989).  
Yield and Irrigation Effects 
 The AWD irrigation scheme has potential to yield equal to, or even greater than, the 
conventional flood system while using significantly less water in USA rice production. Anders et 
al. (2012) compared three treatments to a continuous delayed-flood system. Treatments included 
AWD 40% and AWD 60%, where each bay was flooded to a 10 cm depth and only re-flooded 
each time the soil volumetric water content reached either 40 or 60% of saturation, respectively. 
A third treatment was the AWD 40%-Flood treatment, which was flooded to a 10 cm depth and 
only re-flooded each time the soil volumetric water content reached 40% of saturation from 
initial flood until green ring (R0), where then a continuous flood was held until the drain date. 
These AWD treatments saw a water savings of 64, 53, and 44%, respectively, compared to a 
continuous delayed-flood system. The AWD 40%-Flood treatment significantly reduced water 
usage without sacrificing rice grain yield. However, rice grain yield was significantly lowered by 
both treatments where AWD was practiced through reproductive stages (P<0.05). At one point 
in the growing season as many as 33 days elapsed between irrigation events in the AWD 
treatments as a result of captured rainfall. 
Linquist et al. (2014) conducted AWD experiments at the University of Arkansas System 
Divison of Agriculture Rice Research and Extension Center (RREC) in Stuttgart in 2012 and 
2013 also with the hybrid cultivar CLXL745 in the same setup as Anders et al. (2012). A soil 
moisture probe was used to trigger irrigation, measuring the soil volumetric water content at a 5 
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cm depth. Through two years of data collection AWD 40%-Flood yielded similar to a continuous 
delayed-flood system while reducing irrigation water use by 18%. The AWD 60% and AWD 
40% treatments performed similarly at times, but averaged a 5 and 13% rice grain yield decrease, 
respectively. The latter two treatments did however significantly decrease irrigation water use by 
31 and 44%, respectively. In the current farm economic environment there is little bottom-line 
incentive for most producers to convert to practices that will decrease rice grain yield. However, 
possible future incentives such as carbon (C) markets and increasing depth to groundwater 
(increased costs associated with groundwater pumping) may prove for these practices to be 
profitable alternatives in the near future. Break-even analysis for several Arkansas counties, such 
as Lonoke and Poinsett, indicates that more liberal AWD practices could be profitable with only 
another 5 to 10 m increase in distance to groundwater (Nalley et al., 2015). 
LaHue et al. (2016) conducted similar AWD studies in 2012 to 2014 in California, 
including an AWD direct-seeded, delayed-flood; AWD water-seeded; and water-seeded 
continuous flood treatment. In two of three years there was no difference in rice grain yield, but 
in 2014 the AWD direct-seeded, delayed-flood rice produced significantly higher grain yield 
where the soil water potential was allowed to drop to -50 kPa on a clay soil. Mishra and Salokhe 
(2010) found that practicing intermittent flooding during vegetative growth increases root length 
density and thus productive tillers per m2 and spikelets per panicle. An increase in root length 
density could explain why an increase in yield is possible by converting to an AWD irrigation 
regime. On a sandy loam soil in China, Zhang et al. (2009) achieved an 11% rice grain yield 
increase using a threshold of --15 kPa; however, saw a 36% yield reduction compared to 
continuous irrigation when using a threshold of -30 kPa, suggesting that soil texture can also play 
an important role in how much the paddy should be allowed to dry before re-flooding.  
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Massey et al. (2014) conducted studies in 2010, 2011, and 2012 in Mississippi producer 
fields with clay-textured soils. The AWD treatment was dried to “muddy” and the producer re-
flooded when exposed soil was seen or by watching a flood depth gauge. Over three years there 
were four cultivars that showed no difference in rice grain yield utilizing AWD management 
practices: CL111, CL142, CL181, and CLXL745, while CL131 and CL151 produced 
significantly greater rice grain yields under AWD management. Only CL151 suffered in head 
rice yield, while all others maintained similar milling qualities. Although greater rice grain yields 
were accomplished with AWD, the treatments were included in the same paddy, with AWD 
being at the top of the paddy and continuous flood at the bottom. Factors such as early season 
flooding, increased topsoil removal due to land leveling, nutrient mobility, and increased salinity 
(Scardaci et al., 2002) have the potential to decrease productivity at the bottom of a rice field or 
paddy; all of which could have provided AWD with a yield advantage.  
Atwill et al. (2015) studied six cultivars during 2013 and 2014 on a clay soil texture in 
Mississippi and a silt loam soil texture in Louisiana using four irrigation treatments, including a 
direct-seeded, delayed-flood system and an AWD approach where the soil moisture was allowed 
to reach field capacity before being re-flooded. Cultivars studied included three conventional 
long-grain varieties (CL151, Cheniere, and Presidio), one conventional medium-grain variety 
(Jupiter), and two long-grain hybrids (CLXL729 and CLXL745). The AWD system was shown 
to produce a similar rice grain yield along with days to 50% heading, mature plant height, and 
agronomic efficiency of N (AEN) compared to a conventional flood and the cultivar by irrigation 
interaction was not significant.  
Aside from water savings, AWD irrigation shows other benefits to the environment 
which may provide increased payment opportunity in the future. The AWD system can decrease 
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emissions both from decreased irrigation pumping as well as in-field interactions. A methane 
(CH4) reduction of 48 to 93% (LaHue et al., 2016; Linquist et al., 2014) is possible by converting 
to AWD management; in fact a single drying event can reduce season CH4 emissions by as much 
as 40% (Yan et al., 2005). While CH4 emission was reduced, nitrous oxide (N2O) emission did 
increase with AWD management (Linquist et al., 2014). N2O is produced as a product of 
denitrification and has a global warming potential (GWP) of 180 times that of carbon dioxide 
(CO2), which is 10 times higher than that of CH4 (Lashof & Ahuja, 1990). When draining cycles 
occur in AWD managed rice, oxygen is introduced into the system and in turn the ammonium 
(NH4
+) present can be converted to nitrate (NO3
-). Once the flood is re-applied and the 
environment becomes anaerobic, denitrifying organisms will begin to consume NO3
- and 
produce N2O as a byproduct (Havlin et al., 2016). Although N2O emission is higher in the AWD 
system, converting from a water-seeded continuous flood system to either water-seeded or 
direct-seeded, delayed-flood AWD can decrease estimated GWP by 57% and 75%, respectively 
(LaHue et al., 2016). Arsenic (As) levels in the harvested rice kernel also tend to significantly 
decrease by 14 to 26% when AWD is implemented up to heading (Norton et al., 2017) and can 
be decreased by over 50% when AWD irrigation is used after heading; however, drying down 
after heading is not currently recommended in Arkansas due to extreme sensitivity to water stress 
during flowering (Henry et al., 2017). Norton et al. (2017) also showed that cadmium (Cd) 
concentration in the grain increased and iron (Fe) concentration decreased with AWD, which are 
undesirable outcomes. 
The AWD system can maintain similar yield on both silt loam and clay soil textures 
compared to a continuous delayed-flood system (Anders et al., 2012; Atwill et al., 2015; LaHue 
et al., 2016; Linquist et al., 2014; Massey et al., 2014; Reba et al., 2018). However, a significant 
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rice grain yield reduction is also possible, especially on a sandy loam soil, if the soil is allowed to 
dry too much (Zhang et al., 2009). Conversely, up to a 64% reduction in irrigation water usage is 
possible with AWD management without rice grain yield penalty in years with above average 
rainfall (Anders et al., 2012). Aside from water savings and possibly a rice grain yield increase in 
extreme cases, GWP also has the potential to be reduced through the successful implementation 
of the AWD system (LaHue et al., 2016). 
Furrow Irrigation 
 Furrow-irrigated rice (FIR or row rice) has drawn increased attention in Arkansas rice 
production over the past few years, accounting for 0.9% of rice hectarage in 2015, 2.7% in 2016 
(Hardke, 2017), and up to approximately 16.9% in 2020 (Hardke, personal communication). In 
the FIR system the field is prepared with beds and/or furrows running in the direction of the 
predominant field grade and poly-tubing is placed at the upper end for irrigation, just as furrow-
irrigated corn or soybean (Glycine max) would be prepared. The FIR system can significantly 
reduce the number of trips across the field for preparation (multiple field cultivation, land 
planing, and levee construction passes) as the previous year’s beds for rice’s rotational crops 
(namely soybean) can many times be used as-is or with slight repair. Furrow-irrigated rice is well 
suited for fields where a flood is difficult to maintain or where the slope requires many levees, 
but has also gained increasing interest on precision-leveled fields due to lower management costs 
resulting from fewer equipment passes (Henry et al., 2018). A 76 cm or narrower furrow spacing 
is preferred on a typical silt loam rice soil that seals, while 91 to 102 cm furrow spacing can be 
acceptable with other soil textures (Hardke et al., 2017a). By using furrows, the need for the 
levee and gate system is eliminated. The FIR system presents a new set of challenges compared 
to the typical direct-seeded, delayed-flood system. The University of Arkansas System Division 
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of Agriculture recommends several major management changes beyond the scope of irrigation. 
The challenges associated with the FIR system include nutrient, weed, disease, and insect 
management.  
Nutrient Management 
 Nutrient management of FIR is slightly more intensive, with up to five applications of N 
fertilizer (urea, 46-0-0) sometimes needed (Hardke et al., 2017a). A higher number of 
applications are generally warranted with steeper field slopes, where water cannot be held. If 
there is any doubt, a “spoon-feed” approach is preferred where 52 kg N ha-1 is applied at 4 to 5 
leaf stage and an additional 52 kg N ha-1 is applied every 7 days for a total of four applications. 
While these N guidelines are provided by Hardke et al. (2017) as a reference to FIR producers in 
the Mid-South, N management schemes are based largely on observation, making a more 
extensive research base a priority.  
In a flooded culture most N uptake comes from N fertilization during emergence to 
reproductive growth, but native soil N supplies the plant during the remainder of the growing 
season (Norman et al., 2003a). However, it can be presumed that N management will differ in 
the FIR system due to its aerobic nature. Hefner and Tracy (1991) determined that 202 kg N ha-1 
split into two to three applications produced optimal rice grain yield in the pureline variety 
Lemont on a 0.5% slope Portageville clay. Beyrouty et al. (1995) found that in Arkansas plant 
tissue N concentration were not affected by water management. However, it was reported that 
total N uptake by booting (R2) was greatly decreased for aerobic rice, by 32 to 43%, as well as 




 At the International Rice Research Institute (IRRI) in the Philippines on a loam soil 
texture, optimal rice grain yield was achieved in non-irrigated aerobic rice with 120 to 150 kg N 
ha-1 applied in a three- to four-way split (Lampayan et al., 2010). However, the IRRI research 
site was a very low yielding environment, with rice grain yield averaging 2,000 to 4,000 kg ha-1. 
In Australia, maximizing the rice grain yield and N uptake in a continuous furrow irrigated 
system on a grey Vertisol required a total of 280 kg N ha-1 (Ockerby & Fukai, 2001). However, 
with the same high N management scheme it was noted that crop dry weight and N concentration 
were greater on raised beds compared to paddy rice. Similar to Beyrouty et al. (1995), Belder et 
al. (2005) documented on a clay soil texture at the IRRI location that total plant N under aerobic 
conditions was only 65% that of plants under continuous flood and that total N recovery was 
only 22%, compared to 49% in a continuous flood system. Because soil nitrate concentrations 
were so low, Belder et al. (2005) hypothesized that most N loss must be due to increased 
nitrification-denitrification rates, possibly due to redox potential values in aerobic rice reaching 
that of a wheat (Triticum aestivum L.) or barley (Hordeum vulgare L.) soil (Bohrerova et al., 
2004). However, rice exposed to water deficit stress, particularly during the vegetative stages, 
has responded well to N fertilization timing similar to that which never experienced moisture 
stress (Castillo et al., 1992). Coupled with the introduction of more efficient hybrid cultivars, N 
management of FIR has yet to be defined. 
 Aside from N, Phosphorus (P) deficiency can also be pronounced when a continuous 
flood is not maintained, especially when growing rice on high pH soils (Hardke et al., 2017a). 
When the soil is flooded, P availability increases due to the conversion of Fe+3-P minerals to 
Fe+2-P, which is more soluble (Havlin et al., 2016). Therefore, response to P application is 
usually much less in a flooded rice environment compared to upland crops. Continuously flooded 
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rice has been shown to uptake significantly more P by anthesis (R4) compared to rice grown 
aerobic conditions (Beyrouty et al., 1995; Chaudhry & McClean, 1963). Under flush irrigation 
on a Crowley silt loam near Stuttgart, AR, approximately 70% less P uptake was documented in 
flush irrigated rice (Beyrouty et al., 1995). 
 It is also possible that furrow-irrigated rice could suffer from excessive salinity. Rice is 
known to have salt sensitivity and has been reported to have a salinity threshold of 1.9 dS m-1, at 
which point there can be approximately a 9% yield loss for every 1 dS m-1 increase in salinity 
(Grattan et al., 2002; Maas & Hoffman, 1977). Furrow irrigation tends to move and concentrate 
salts at the center or top of the beds as irrigation water wicks laterally and upward across the 
beds (Abrol et al., 1988; Bower & Fireman, 1957). This process can lead to yield-limiting 
salinity levels in the middle of irrigation beds and can sometimes result in decreased stand 
establishment at early growth stages, when rice is most sensitive (Grattan et al., 2002).  
Weed Control 
 One major benefit of growing rice in a flooded culture is for weed control. Weed control 
is much more difficult in FIR between the normal flood application timing and canopy closure. 
However, weed suppression can be better achieved with certain cultivars. The cultivars PI 
312777 and CLXL729 allowed similar weed biomass in both FIR and direct-seeded, delayed-
flood systems, while weed biomass averaged 48% higher in the FIR system for five other 
cultivars tested: Rondo, Bengal, Wells, Lemont, and CL171 (Gealy et al., 2014). Greater 
suppression of weeds by PI 312777 has been shown to occur because of allelochemical 
production by the rice plant, which inhibits the growth of other plants in close proximity (Kong 
et al., 2006). No interaction was discovered by Gealy and Moldenhauer (2012) between rice root 
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density or plant height and weed suppressive capability, suggesting that allelopathic qualities 
could be responsible for weed suppression in CLXL729 as well.  
Residual herbicides such as clomazone (e.g. Command®) still have a great fit in the FIR 
system for the control of grass weeds (Henry et al., 2018; Hardke et al., 2017a). Broadleaf weeds 
such as palmer amaranth (Amaranthus palmeri), which are usually controlled in rice by the 
flood, could require additional herbicide applications. A general program outlined by Hardke et 
al. (2017a) includes clomazone at planting, propanil plus thiobencarb (e.g. Bolero®) early post-
emergence, followed by fenoxaprop (e.g. Ricestar HT®) plus quinclorac (e.g. Facet®). Although 
an extra herbicide application may be warranted, most early applications can be applied by 
ground instead of aerially, which can save input cost. 
Pest Management 
 Disease and insect management are other production factors in FIR which may change 
compared to a direct-seeded, delayed-flood system. Flood depth is a tool for blast (Magnaportha 
grisea) disease management, therefore blast resistance of cultivars should be a primary 
consideration in a FIR system. Although it is strongly discouraged, if a blast-susceptible cultivar 
is planted, a fungicide application at both boot split to 10% heading (R3) and again seven days 
later with 70% head out should be planned (Hardke et al., 2017). Converting to the FIR system 
can greatly suppress false smut (Ustilaginoidea virens) to near non-existent, but has seemingly 
no effect on kernel smut (Neovossia horrida) incidence (Brooks et al., 2010). The FIR system 
can also significantly reduce the occurrence of sheath blight (Rhizoctonia solani Kühn) on a clay 
soil texture (He, 2010); however tillage, rotational practices, and residue management were not 
defined, which can have a significant effect on the occurrence of rice sheath blight (Uppala & 
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Zhou, 2018). Where insects are concerned, a seed treatment should be used to protect against 
grape colaspis (Colaspis brunnea).  
Billbug (Sphenophorus spp.) infestations have also been noted with FIR, causing as much 
as 10% rice grain yield loss in the worst cases (Hardke et al., 2017). Billbug has been causing 
damage in cereal crops such as corn for quite some time and non-flooded rice has even been 
abandoned in extreme cases (Satterthwait, 1919). Billbug larvae damage rice by tunneling into 
the stalk and especially the crown, which is prevented with the use of a continuous flood due to 
the crown being below the water line (Smith, 1986). By removing the continuous flood, billbug 
has the possibility to become a more widespread pest in the FIR system.  
Yield and Irrigation Effects 
 Furrow-irrigated rice, or mimics of the system, have been reported to have negative 
impacts on yield. In 1989 and 1990 on a clay soil texture in Australia, five irrigation treatments 
were tested including a continuous flood from either seeding, V3, or panicle initiation, saturated 
soil culture with 150 cm bed spacing and a 10 cm flood depth in the furrows, and intermittent 
irrigation which was flushed every 7 days (Borrell et al., 1997). The intermittent irrigation 
treatment yielded 36% less rice grain compared to the flood initiated at V3 in the dry season; 
however, it yielded similar during the wet season with a 29% water savings. The saturated soil 
condition yielded similarly in both seasons while using 32% less water, but would only be 
possible on a large scale in combination with either zero-grade or multiple inlet levee irrigation 
similar to AWD.  
Grain number per panicle was shown to be significantly lower in an intermittent flush 
irrigation system during the dry season in Australia (Borrell et al., 1997). Later work done at the 
IRRI showed similar results. Grain number per square meter decreased by an average of 21% 
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and the percentage of filled grains decreased by 7.6% over two growing seasons with aerobic 
conditions compared to flooded, both of which can likely be attributed to the 35% decrease in 
total plant N (Belder et al., 2005). However, total plant N concentration did not vary across water 
management strategies. A similar N concentration but significantly less total plant N suggests 
that water stress could be a culprit for decreased yield. 
Little work has been done in the USA on the agronomics of FIR due in part to early 
results across the Mid-South indicating poor performance of the system, such as the 58% rice 
grain yield loss observed with flush irrigation of the cultivar Tebonnet grown on a Crowley silt 
loam in 1989-1990 (Grigg et al., 2000). The soil water potential threshold for flush irrigation was 
-30 to -50 kPa at a 10 cm depth from emergence to panicle differentiation (R1), then flush 
irrigations were applied twice weekly from panicle differentiation to 30 days after heading. 
However, it was noted that changes to N application rates and timings could have a positive 
effect on the yield of flush irrigated rice.  
Vories et al. (2002) first compared FIR to a direct-seeded, delayed-flood system on a clay 
soil in northeast Arkansas with the variety Tebonnet using two FIR treatments: a standard twice 
per week irrigation cycle and where irrigation was triggered using a 19 mm soil water deficit. 
Both FIR treatments yielded similar to each other over three years while seeing an average rice 
grain yield loss of 15.6% compared to the direct-seeded, delayed-flood system. However, 
irrigation water use efficiency (WUE) was more than doubled for the FIR system, as irrigation 
water use was decreased by up to 76%. The 15.6% decrease in rice grain yield was a result of a 
decrease in individual grain weight for furrow irrigation; however, it is not known why 
individual grain weight suffered.  
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He (2010), contrary to Vories et al. (2002), reported a 6 to 14% rice grain yield increase 
while realizing a 38 to 48% decrease in irrigation water use on a clay soil in China. Other 
benefits observed included an increase in gas exchange in the soil, an increase in white roots, and 
root mass. However, the waterfront reached the entire bed within two hours with a row spacing 
of 200 cm, which is an unrealistic expectation on the most common rice soils of Arkansas. 
Anders et al. (2012) conducted a one-year study on an Arkansas silt loam soil comparing 
intermittent wetting and drying (IWD, mimicking FIR) to both the direct-seeded, delayed-flood 
and AWD systems using two RiceTec hybrids, CLXL754 and XL753. The IWD treatments were 
allowed to drop to 40% and 60% of field water capacity remaining, respectively. Rice grain 
yields were similar for both IWD treatments and were 31 to 34% lower compared to direct-
seeded, delayed-flood and 25 to 32% lower than AWD. The IWD system did significantly 
decrease irrigation water use and increase WUE; however, AWD was much more efficient and 
did not sacrifice rice grain yield. As mentioned earlier, producers are not currently in a market or 
mindset where 25 to 34% rice grain yield loss can be economical. 
Atwill et al. (2015) also compared a direct-seeded, delayed-flood system to an IWD 
approach where soil water was allowed to reach field capacity, then re-flooded for 12 hours 
before the flood was released. The aerobic culture suffered a 28% rice grain yield decrease 
compared to a conventional flood as well as a 15 cm reduction in plant height, 3 day increase in 
days to 50% heading, and 17% reduction in kg of rice grain yield per kg of N applied.  
Rice grown aerobically has the potential to produce 16 to 36% less rice grain yield than a 
conventional flood system (Anders et al., 2012; Atwill et al., 2015; He, 2010; Vories et al., 
2002). The majority of the studies involving rice grown aerobically have utilized IWD for ease 
of application, while true FIR has been on the lower side of the rice grain yield loss spectrum 
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(Vories et al., 2002). These studies also did not capture excess irrigation water at the lower end 
of the field, which most producers have the capability to exploit. Reba et al. (2018) has produced 
one year of preliminary data that suggests yield can be maintained in a FIR system on a clay soil 
with water captured at the lower end of the field, but water savings were not significant. Henry 
(2018) also showed a great difference in cultivar performance, with hybrids yielding 
approximately 33% more rice grain and maintaining a much higher WUE compared to pureline 
varieties. The results of Henry (2018) suggest that cultivar selection is crucial in having success 
with the FIR system and that cultivars could possibly be selected for during the breeding process. 
The FIR system does have a fit on some landforms such as steep slopes that would otherwise 
require a significant amount of levees (Henry et al., 2018). Irrigation water savings can be 
significant, which could prove to be a much more valued benefit in the future. Also, shortening 
the interval between irrigation cycles could reduce the negative rice grain yield impact of the FIR 
system.   
Irrigation Water Status 
Water conservation is becoming increasingly important in sectors which are heavy users 
of water resources. The overuse of water in irrigated agriculture has made it “a resource that 
must be better priced” (Dyson, 1999). Approximately 33% of water consumption in the United 
States is for the purpose of irrigation, accounting for 435 million m3 day-1 (Maupin et al., 2014). 
Agriculture is the second largest consumer of water in the USA behind thermoelectric power, 
constituting a significant portion of an increasingly valuable resource. 
The Mississippi River Valley alluvial aquifer (MRVAA) is the primary source of 
irrigation water for rice and other irrigated crops in Arkansas and the lower Mississippi River 
Valley (ANRC, 2014). In 2010, the MRVAA accounted for 94% of all groundwater use in 
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Arkansas (Kresse et al., 2014). Rice producers were noticing an increased distance to 
groundwater as early as the 1920s and studies have been conducted on depletion of the MRVAA 
as early as 1928, where “there [was] a serious question of ultimate depletion” (Gates, 2005). The 
MRVAA is increasingly relied upon by agriculture and withdrawal more than doubled from 
1985 to 2000, making the current rate of withdrawal unsustainable. In fact, MRVAA water levels 
declined at a median rate of 8.8 cm yr-1 from 1977 to 2002 (Reed, 2004).  
In Arkansas, crop irrigation represents approximately 80% of total water usage. The 
majority of Arkansas irrigation water, 71%, comes from groundwater sources (ANRC, 2014). 
The 2014 Arkansas Water Plan issued their prediction that 2.2 billion m3 yr-1 of groundwater will 
be available in eastern Arkansas as of 2050, but estimated withdrawals for irrigation alone in 
2010 were 10.2 billion m3. The Arkansas Water Plan’s prediction leaves a gap of 8 billion m3 yr-
1 that must be addressed for sustainable use of precious water resources. 
 The 2014 Arkansas Water Plan does illustrate possible means to alleviate the stress on 
aquifers, namely the MRVAA. On average, 10.7 billion m3 yr-1 of excess surface water are 
available from streams and rivers (ANRC, 2014). The Grand Prairie and Bayou Meto Projects 
are two plans that aim to take advantage of excess surface water and are projected to provide 
water to 15% of eastern Arkansas with a groundwater gap present. However, these projects will 
not be able to deliver water on demand and the majority of water delivery will occur during the 
off-season, requiring producers to build on-site water storage to take full advantage. Combining 
these efforts with conservation practices in the field could move toward a more sustainable 






 Alternative methods of rice irrigation have gained increasing attention over the past 
several growing seasons in Arkansas and across the Mid-South. The major reasons for 
transitioning rice hectares to alternative irrigation methods are the potential for water savings and 
decreased labor requirement. In 2015, an estimated 1.7% of Arkansas rice hectarage used 
alternate wetting and drying (AWD) irrigation and 0.9% used furrow irrigation (Hardke, 2017). 
As of 2020, 2.5% used AWD and 16.9% used furrow irrigation, the latter accounting for near 
99,000 ha in Arkansas (Hardke, personal communication). While AWD irrigation use has been 
relatively stagnant, FIR production has grown over eighteen-fold in terms of percentage of total 
rice hectares in Arkansas. The rationale behind compiling four articles into one single 
dissertation is that the work presented is all very novel and important to the Arkansas rice 
industry. One article has been accepted, one is under review, and the latter two are in final 
preparation. Objectives of the studies were as follows:  
1) Determine the soil moisture threshold for alternatively irrigated rice.  
 a) FIR 
 b) AWD 
2) Evaluate the proper N management scheme for FIR production in Arkansas 
 a) Clay soil texture 
 b) Silt loam soil texture 
3) Understand the nutrient uptake differences between the top and bottom of the field in FIR.  
The current studies have the potential to set the groundwork for many future FIR studies and 
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CHAPTER TWO: Scheduling Rice Irrigation Using Soil Moisture Thresholds for Furrow 
Irrigation and Intermittent Flooding 
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AWD – Alternate wetting and drying; CFR – Conventional flood rice; FIR – Furrow-irrigated 
rice; IWUE – Irrigation water use efficiency; MRVAA – Mississippi River Valley alluvial 
aquifer; NBPT – n-butyl-thiophosphoric triamide ; NEREC – Northeast Research and Extension 
Center; N-STaR – Nitrogen Soil Test for Rice; PTRS – Pine Tree Research Station; WUE – 
Water use efficiency 
 
Core Ideas: 
Maintaining grain and milling yield is possible under FIR and AWD systems. 
Allowing more drying between irrigations did not decrease grain or milling yield in FIR and 
AWD.  




 Alternative methods of rice (Oryza sativa L.) irrigation are gaining increasing popularity 
across the Mid-South, but an allowable soil moisture deficit stress has not been defined. This 
study was conducted in 2018 and 2019 to determine the soil moisture threshold for furrow-
irrigated rice (FIR) and alternate wetting and drying (AWD) rice production systems to minimize 
irrigation water use while still maximizing grain and milling yield. Soil moisture thresholds of -
15, -30, and -45 kPa, as determined by Watermark sensors at a 10 cm depth in the top third of the 
field, were compared to conventional flood rice (CFR) on a Calloway silt loam and a Sharkey 
clay in eastern Arkansas. Soil moisture threshold had no effect on grain or milling yield across 
irrigation thresholds; however, the bottom third of FIR, where a flood was held, consistently 
produced higher grain yield (10,652 to 10,965 kg ha-1) than the top third (9,442 to 9,722 kg ha-1). 
Significant differences in irrigation water use efficiency (IWUE) were achieved under AWD and 
FIR. The IWUE did not differ across AWD irrigation thresholds but was 58.1 to 103.8% greater 
than that of CFR. The -15 kPa and -30 kPa FIR thresholds did not improve IWUE, but utilizing a 
-45 kPa irrigation threshold resulted in a 42.7% greater IWUE than CFR and 66.0% greater than 
the -15 kPa threshold. Results suggest that using a -45 kPa irrigation threshold at the 10 cm depth 




 Many areas of the world rely on rice as a staple part of their diet. Rice production occurs 
on all six continents where row crop agriculture is practiced, with over 90% of both production 
and consumption occurring in Asia (Khush, 1997). While the United States accounts for only 2% 
of global rice production, about 40% is exported which makes up 12% of the global rice trade 
(Weber & Lee, 2006). Arkansas producers account for nearly half of the United States rice crop, 
ranking Arkansas number one for both area planted and metric tons of rice produced (USDA-
NASS, 2020). Rice production is therefore a very important piece of the Arkansas economy, 
accounting for approximately $1 billion annually (USDA-NASS, 2020).  
 Rice production requires significant water inputs due to disease, nutrient, weed, and 
insect management along with overall profitability relying on proper irrigation (Henry, 
Hamilton, Daniels, & Hardke, 2018). Rice grain yield has been directly correlated to the amount 
of irrigation water applied from studies previously conducted in Arkansas, Louisiana, Missouri, 
and Texas (Van Der Hoek, 2001). However, the Mississippi River Valley alluvial aquifer 
(MRVAA) is declining at an unsustainable rate. Approximately 71% of Arkansas’ irrigation 
water comes from the MRVAA and only about 20% of the current use rate, 10.2 billion m3 yr-1, 
is expected to be available in eastern Arkansas by 2050 (ANRC, 2014). The projected lack of 
groundwater leaves a tremendous gap that must be addressed accordingly.  
 Approximately 56% of Arkansas rice hectarage in 2019 used the standard direct-seeded, 
delayed-flood cascade irrigation management system while another 30% utilized multiple inlet 
irrigation, including zero-grade (Hardke, 2020). However, the remaining 14% of hectares 
utilized an alternative irrigation approach, with 11% managing furrow-irrigated rice (FIR) and 
another 3% using alternate wetting and drying (AWD) irrigation. Arkansas’ FIR increased from 
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3.5% of hectarage in 2017 and 7.7% in 2018, and is estimated to have been even greater in 2020. 
These irrigation methods are not conventional in that a flood is not held continuously after the 
V4 to V5 stage, as it is under the direct-seeded, delayed-flood management system. The AWD 
irrigation strategy constitutes holding a flood early to maximize nitrogen (N) efficiency, but then 
allowing drying cycles throughout the remainder of the growing season. Some producers will 
also retain a continuous flood after heading (R3) due to increased sensitivity to drought stress in 
rice at this time (Boonjung & Fukai, 1996). Furrow-irrigated rice is grown on slightly raised beds 
or flat with water furrows similar to the management style for most irrigated soybean [Glycine 
max (L.) Merr.], cotton (Gossypium hirsutum L.), and corn (Zea mays L.) in the region. 
However, dissimilar to these systems is that FIR is generally irrigated more frequently and a tail 
levee can be constructed to hold a 10-20 cm flood at the bottom of the field. A tail levee allows 
for the bottom of the field to flood similar to the bottom paddy of a conventional flood rice 
(CFR) field, minimizing the amount of water lost out of the bottom of the field. Producers cite 
several reasons for the desire to increase FIR hectares, including decreased water use, less 
equipment and labor requirement, and an overall increase in quality of life outside of the farm 
(personal communication). The increase in quality of life outside of the farm includes gaining 
more time and freedom to interact with family and for personal affairs during the growing 
season.  
 Alternate wetting and drying irrigation has been utilized with success in the past, 
especially outside of the United States. A reduction in irrigation water usage when employing 
AWD is often associated with reduced seepage, percolation, evaporation, and runoff potential 
during drying cycles (Dong et al., 2001). Up to a 38% water savings has been achieved in Asia 
with little to no yield penalty (Lampayan et al., 2015; Yao et al., 2012). Massey, Walker, Anders, 
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Smith, and Avila (2014) observed similar to slightly higher rice grain yield in CL111, CL131, 
CL142, CL151, CL181, and RT CLXL745 when drying a clay soil to “muddy” in Mississippi 
compared to the CFR system. Atwill (2015) saw a similar yield response on a similar soil with 
CL151, Cheniere, Presidio, Jupiter, CLXL729, and CLXL745. On a clay soil in California, 
LaHue, Chaney, Adviento-Borbe, and Linquist (2016) also produced very similar results 
utilizing a soil moisture threshold of approximately -50 kPa at 10 cm depth. Anders, Watkins, 
Nalley, Siebenmorgen, and Brye (2012) reported that although AWD had the potential to save 
water with no reduction in rice yield, rice grain yield could be significantly lowered when the 
soil was allowed to dry during reproductive stages on a silt loam soil in Arkansas. H. Zhang, 
Xue, Wang, Yang, & J. Zhang (2009) observed an 11% increase in rice grain yield using a 
threshold of -15 kPa at a 15 to 20 cm depth on a sandy loam soil in China; however, a 36% yield 
reduction occurred at a threshold of -30 kPa. These studies suggest that AWD is a much safer 
practice on clayey soils compared to a lighter soil texture, thus soil moisture thresholds must be 
defined for use across the Mid-Southern United States.  
 Previous work on FIR has shown little success with the system; however, most studies 
were completed prior to the introduction of hybrid cultivars in the early 2000s. In fact, most 
studies involving FIR were simulated because rice was flush-irrigated as opposed to truly 
furrow-irrigated. Flush irrigation involves holding a shallow flood on the rice for a short period 
of time, generally 12-24 hours, and then releasing the water, whereas furrow irrigation involves 
running water down the field in water furrows. Therefore, the only portion of FIR that should 
ever have a flood applied across its entirety is the lower end. In Australia, flush irrigation 
resulted in a similar yield as flood irrigation during the wet season and achieved 29% water 
savings; however, flush irrigation caused a 36% yield reduction during the dry season (Borrell, 
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Garside, & Fukai, 1997). A reduction in grain number per panicle seemed to be the primary 
mechanism for yield reduction in a flush-irrigated system (Belder et al., 2005; Borrell et al., 
1997). At the Rice Research and Extension Center, near Stuttgart, AR, a 58% reduction in rice 
grain yield was documented in the cultivar Tebonnet on a Crowley silt loam in the late 1980s 
when utilizing a -30 to -50 kPa irrigation threshold at 10 cm soil depth prior to R1, followed by 
twice weekly flush irrigations from R1 to 30 days after heading (Grigg et al., 2000). A 15.6% 
yield reduction was noted under FIR on a clay soil in northeast Arkansas with the cultivar 
Tebonnet regardless of irrigation threshold; however, water use efficiency (WUE) was more than 
double that of the CFR system (Vories, Counce, & Keisling, 2002). One of the most recent flush-
irrigated studies did utilize hybrid cultivars, RiceTec CLXL754 and XL753, but was 
unsuccessful (Anders et al., 2012). A 31 to 34% yield reduction was noted with irrigation 
thresholds of 40 and 60% of field capacity when compared to CFR. Additionally, a 2017 study in 
eastern Arkansas with the cultivar RT CLXP756 resulted in rice grain yields of 8,726, 7,566, and 
7,566 kg ha-1 when irrigation thresholds of -15, -30, and -45 kPa, respectively, were utilized with 
true furrow irrigation (Hardke et al., 2018b). However, CFR was not included as a comparison. 
Hence, previous research suggests that FIR should not be expected to maximize rice grain and 
milling yield. However, recent undocumented producer success suggests that proper 
management could result in future success of FIR on a large scale. Proper irrigation management 
will be a key component of ensuring that AWD and FIR production is successful. Therefore, the 
objective of this study was to determine the proper soil moisture threshold for AWD and FIR to 




Materials and Methods 
  The studies were conducted in 2018 and 2019 at two University of Arkansas Division of 
Agriculture research stations: the Pine Tree Research Station (PTRS) near Colt, AR 
(Coordinates: 35°7’23” N 90°55’47” W), mapped as a primarily Calloway silt loam (fine-silty, 
mixed, active, thermic Aquic Fraglossudalfs) with 0 to 1% slopes (Soil Survey Staff, 2019) and 
the Northeast Research and Extension Center (NEREC) near Keiser, AR (Coordinates: 
35°40’27” N 90°5’12” W), mapped as a primarily Sharkey silty clay (very-fine, smectitic, 
thermic Chromic Epiaquerts) with 0 to 1% slopes (Soil Survey Staff, 2019). Soil textural 
components as measured by hydrometer method can be found in Table 1 (Huluka & Miller, 
2014). All study sites were in a rice-soybean rotation, so that all site years followed soybean. 
Precipitation was measured at an on-site weather station for both sites and in both years. 
Precipitation was compared to 30-year averages from the nearest long-term weather stations, 
approximately 16 km northeast of PTRS (Wynne) and 1 km north of NEREC (Keiser) (NCEI, 
2019).  
Furrow-Irrigated Rice (FIR) Study 
 The rice cultivar RiceTec XP753, a hybrid, was sewn at 30 kg ha-1 on 19 cm row spacing 
across beds that were spaced 76 and 97 cm at the PTRS and NEREC locations, respectively. The 
seeding rate was the same at both locations due to a 20% increase in the standard seeding rate 
recommendation, which was recommended by Hardke and Chlapecka (2020) for both the freshly 
pulled beds at PTRS and the clay soil at NEREC. A levee was constructed at the lower end of the 
field which allowed water to flood approximately the bottom one-third of the field. Each 
experimental unit or plot was 16 furrows at 76 cm spacing by 205 m long at PTRS and 15 
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Table 1. Soil textural components for the furrow-irrigated rice (FIR) and alternate wetting and 
drying (AWD) studies in 2018 and 2019 at the Pine Tree Research Station (PTRS) and the 
Northeast Research and Extension Center (NEREC). 
Site Sand Silt Clay 
 ---------------%--------------- 
FIR    
   2018    
      PTRS 0.3 84.6 15.1 
      NEREC 19.0 28.3 52.7 
   2019    
      PTRS 1.4 80.9 17.7 
      NEREC 24.5 24.3 51.2 
AWD    
   2018    
      PTRS 0.2 78.4 21.4 
      NEREC 20.7 25.6 53.7 
   2019    
      PTRS 0.3 82.0 17.7 
      NEREC 17.8 30.8 51.4 
 
furrows at 97 cm spacing by 366 m long at NEREC to closely mimic the row length of a 
commercial field. Four cross-levees, creating five bays, were needed due to the decrease in 
elevation from top to bottom of the field for the CFR at all sites other than the 2019 PTRS site. 
The fall at the 2019 PTRS site was less steep and required only two cross-levees for the CFR, 
creating three bays. Levee area was not seeded and was not included in final yield calculation. 
The experiment was arranged in a randomized complete block (RCB) with three replications in 
both years. The field was blocked by distance from the water source to account for both within-
field variability as well as the possibility for slightly uneven irrigation water distribution. The 
maximum number of border rows that would fit into each study (minimum 4 m between plots) as 
well as a levee between each treatment were positioned to decrease the likelihood of irrigation 
treatments being confounded by the irrigation management of neighboring plots. While this has 
the potential to inflate the water use of CFR in the FIR trials due to seepage to adjacent non-
flooded areas, the main focus of the FIR study was on the FIR irrigation treatments. All cultural 
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practices other than irrigation timing followed the University of Arkansas System Division of 
Agriculture’s Cooperative Extension Service guidelines for optimum production (Hardke, 
2018a). Key agronomic dates are included in Table 2. 
Table 2. Key agronomic dates for furrow-irrigated rice (FIR) and alternate wetting and drying 
(AWD) trials conducted in 2018 and 2019 at the Pine Tree Research Station (PTRS) near Colt, 











FIR     
   2018     
      PTRS 2 May 9 May 28 Aug 21 Sep 
      NEREC 3 May 10 May 27 Aug 5 Oct 
   2019     
      PTRS 16 May 23 May 5 Sep 20 Sep 
      NEREC 30 Apr 11 May 26 Aug 10 Sep 
AWD     
   2018     
      PTRS 2 May 9 May 30 Aug 20 Sep 
      NEREC 3 May 10 May 27 Aug 4 Oct 
   2019     
      PTRS 18 May 24 May 3 Sep 19 Sep 
      NEREC 30 Apr 11 May 26 Aug 10 Sep 
  
 In 2018 aerial applications of N were made in the form of urea as a single preflood 
application at a rate of 179 kg N ha-1 at NEREC and urea treated with the urease inhibitor n-
butyl-thiophosphoric triamide (NBPT) at 163 kg N ha-1 at PTRS in 2018 based on Nitrogen Soil 
Test for Rice (N-STaR) results (Roberts, Ross, Norman, Slaton, & Wilson, 2011). In 2019 N was 
applied at PTRS with the same rate and source but by ground application due to adjacent N 
management trials; while N was applied aerially at NEREC in a three-way split application of 
urea treated with NBPT – 84 kg N ha-1 at V5, 84 kg N ha-1 two weeks later, and 52 kg N ha-1 one 
week after the second application. Urea was applied as a single preflood application in 2018 due 
to lack of research results regarding N management on furrow-irrigated rice in Arkansas. 
Additionally, untreated urea was applied at NEREC in 2018 due to applicator error. The N 
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management at NEREC in 2019 followed the optimum N management scheme published in the 
Arkansas Furrow-Irrigated Rice Handbook (Hardke & Chlapecka, 2020). Additionally, a late 
boot application of 34 kg ha-1 was applied aerially to all treatments at all sites at the R2 growth 
stage. 
 Irrigation water was delivered using PolyPipe (Delta Plastics, Little Rock, AR) and 
manual valves were employed to control irrigation sets. A flowmeter (McCrometer, Hemet, CA) 
was installed at each site to quantify the total amount of irrigation water applied to each 
treatment. Hence, irrigation water was delivered to only one treatment at a time after the initial 
irrigation. Timing of irrigation application was determined using the average soil water potential 
reading across replications from the 10 cm depth in the top one-third of the field. The top one-
third of the field was chosen to trigger irrigation because it is typically the first to respond to 
drying cycles in a FIR field and therefore is possibly subjected to drought stress before the 
remainder of the field. During both years there were four irrigation treatments:  1) -15 kPa 
irrigation threshold, 2) -30 kPa irrigation threshold, 3) -45 kPa irrigation threshold, and 4) CFR 
control. Nitrogen fertilization and the initial irrigation were applied across all plots after the 
DD50 final recommended time to apply in 2018 due to weather conditions preventing timely 
sensor installation and N application. The DD50 program is a management tool based upon 
growing degree-days that allows producers and consultants to predict certain growth stages and 
properly time management decisions in rice (Slaton et al., 1993). Fertilization and initial 
irrigation were applied within the DD50 recommended window in 2019. Within the three FIR 
treatments, irrigation was thereafter applied each time the soil moisture exceeded the associated 
threshold from V5 to one irrigation after DD50 recommended drain timing. Likewise, in the CFR 
treatment, water was maintained at approximately 5-10 cm depth from V5 until drain timing of 
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the FIR plots. The CFR treatment was irrigated using side inlet irrigation. Irrigation dates and 
significant precipitation events, those which exceeded 25.4 mm (1 inch), are included in Table 3. 
  Soil moisture was monitored using Watermark (Irrometer, Riverside, CA) granular 
matrix sensors and data loggers. In 2018, eight sensors per plot were installed. Three sensors 
were installed in both the top one-third and the middle one-third of the field at 10, 20, and 30 cm 
depths. Two more sensors were installed in the bottom one-third of the field at 10 and 20 cm 
depths. The sensors were placed in the center of a central bed in each plot. In 2019 only the three 
sensors in the top one-third of the field were installed in each plot due to the fact that only 
readings from the top one-third of the field dictated irrigation management. 
Alternate Wetting and Drying (AWD) Study 
 The rice cultivar RiceTec XP753, a hybrid, was planted on 19 cm row spacing at 25 and 
30 kg ha-1 at PTRS and NEREC, respectively. Seeding rates differed due to the 20% increase 
when planting on clay soils (Hardke, Wamishe, Lorenz, & Bateman, 2018c). Aerial applications 
of N in the form of urea treated with NBPT were applied as single preflood applications of 179 
kg ha-1 at NEREC and 163 kg ha-1 at PTRS in both years based on N-STaR results (Roberts et 
al., 2011). Additionally, a late boot application of 34 kg ha-1 was applied aerially to all treatments 
at all sites at the R2 growth stage. All cultural practices other than irrigation timing followed the 
University of Arkansas System Division of Agriculture’s Cooperative Extension Service 
guidelines for maximum production (Hardke, 2018a).  
 Irrigation water was delivered using manual valves to control each irrigation plot 
independently. A side inlet irrigation system was utilized for all plots, with irrigation water 
delivered to each bay using poly irrigation tubing. A flowmeter was installed at each site to 
quantify the total amount of irrigation water applied to each treatment. Irrigation timing was 
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Table 3. Dates of irrigation and precipitation events for furrow-irrigated rice (FIR) and alternate 
wetting and drying (AWD) trials conducted in 2018 and 2019 at the Pine Tree Research Station 
(PTRS) near Colt, AR and the Northeast Research and Extension Center (NEREC) at Keiser, 
AR. Irrigation thresholds were -15, -30, and -45 kPa as well as a conventional flood rice (CFR) 
comparison. Precipitation events included are those that exceeded 25.4 mm, as these were 














2018      
      PTRS 22 June, 25 
June, 28 
June, 2 July, 
6 July, 9 July, 
11 July, 13 
July, 16 July, 
18 July, 20 
July, 23 July, 
25 July, 2 
Aug, 6 Aug 
22 June, 25 
June, 3 July, 
6 July, 10 
July, 15 July, 
23 July, 26 
July, 2 Aug, 
6 Aug, 13 
Aug 
22 June, 25 
June, 5 July, 
12 July, 17 
July, 24 July, 
7 Aug 
22 June, 25 
June, 27 
June, 5 July, 
9 July, 13 
July, 18 July, 
25 July, 27 
July, 31 July, 
8 Aug, 15 
Aug 




29 July, 20 
Aug 
      NEREC 18 June, 26 
June, 2 July, 
9 July, 17 
July, 23 July, 
30 July, 5 
Aug, 13 Aug, 
23 Aug, 26 
Aug 
18 June, 3 
July, 12 July, 
23 July, 30 
July, 8 Aug, 
27 Aug 
18 June, 5 
July, 12 July, 
24 July, 31 
July, 9 Aug, 
27 Aug 
22 June, 25 
June, 26 
June, 28 
June, 2 July, 
3 July, 5 July, 
6 July, 9 July, 
12 July, 17 
July, 23 July, 
26 July, 2 
Aug, 14 Aug 
17 May, 21 
May, 30 
May, 16 Aug,  
17 Aug 
2019      
      PTRS 17 June, 27 
June, 8 July, 
9 July, 22 
July, 25 July, 
29 July, 1 
Aug, 5 Aug, 
12 Aug, 16 
Aug, 20 Aug, 
29 Aug, 3 
Sep, 4 Sep, 9 
Sep 
17 June, 26 
July, 29 July, 
1 Aug, 6 
Aug, 16 Aug, 
21 Aug, 30 
Aug, 6 Sep, 9 
Sep 
17 June, 11 
July, 29 July, 
2 Aug, 7 
Aug, 23 Aug, 
9 Sep 
17 June, 30 
July, 31 July, 
19 Aug, 28 
Aug 
7 June, 23 
June, 28 
June, 16 July,  



















NEREC 13 June, 21 
June, 26 
June, 1 July, 
8 July, 19 
July, 23 July, 
1 Aug, 7 
Aug, 13 Aug, 
19 Aug, 30 
Aug 
14 June, 22 
June, 27 
June, 2 July, 
9 July, 19 
July, 25 July, 
2 Aug, 9 
Aug, 14 Aug, 
20 Aug, 30 
Aug 
15 June, 28 
June, 9 July, 
20 July, 26 
July, 5 Aug, 
10 Aug, 16 
Aug, 21 Aug, 
30 Aug 
6 June, 18 
June, 21 
June, 25 
June, 1 July, 
8 July, 22 
July, 25 July, 
29 July, 8 
Aug, 12 Aug, 
19 Aug 
19 May, 21 
May, 7 June, 
4 July, 6 July, 
15 July, 16 
July 
AWD 
2018      
      PTRS 20 June, 24 
June, 27 
June, 28 
June, 2 July, 
3 July, 5 July, 
6 July, 9 July, 
10 July, 11 
July, 12 July, 
25 July, 26 
July, 8 Aug, 
20 Aug, 23 
Aug, 28 Aug 
20 June, 24 
June, 27 
June, 28 
June, 2 July, 
3 July, 5 July, 
6 July, 9 July, 
10 July, 11 
July, 12 July, 
27 July, 28 
July, 7 Aug, 
15 Aug, 16 
Aug 
20 June, 24 
June, 27 
June, 28 
June, 2 July, 
3 July, 5 July, 
6 July, 9 July, 
10 July, 11 
July, 12 July, 
1 Aug, 2 
Aug, 3 Aug, 
9 Aug, 10 
Aug, 13 Aug, 
24 Aug, 27 
Aug 
20 June, 24 
June, 27 
June, 28 
June, 2 July, 
3 July, 5 July, 
6 July, 9 July, 
10 July, 11 
July, 12 July, 
16 July, 17 
July, 20 July, 
23 July, 24 
July, 27 July, 
30 July, 6 
Aug, 14 Aug 




29 July, 20 
Aug 
      NEREC 22 June, 25 
June, 26 
June, 28 
June, 2 July, 
3 July, 5 July, 
6 July, 31 
July 
22 June, 25 
June, 26 
June, 28 
June, 2 July, 
3 July, 5 July, 
6 July, 6 Aug 
22 June, 25 
June, 26 
June, 28 
June, 2 July, 
3 July, 5 July, 
6 July, 13 
Aug 
22 June, 25 
June, 26 
June, 28 
June, 2 July, 
3 July, 5 July, 
6 July, 9 July, 
12 July, 17 
July, 23 July, 
26 July, 2 
Aug, 14 Aug 
17 May, 21 
May, 30 
May, 16 Aug,  
17 Aug 
2019      
      PTRS 20 June, 24 
June, 2 July, 
9 July, 6 
Aug, 20 Aug 
20 June, 24 
June, 2 July, 
9 July, 7 
Aug, 21 Aug 
20 June, 24 
June, 2 July, 
9 July, 12 
Aug, 23 Aug 
20 June, 24 
June, 2 July, 
9 July, 30 
July, 31 July, 
13 Aug, 19 
Aug 
7 June, 23 
June, 28 
June, 16 July,  

















NEREC 6 June, 2 
July, 31 July, 
9 Aug, 14 
Aug, 20 Aug 
6 June, 1 
Aug, 10 Aug, 
15 Aug 
6 June, 10 
Aug, 15 Aug 
6 June, 18 
June, 21 
June, 25 
June, 1 July, 
8 July, 22 
July, 25 July, 
29 July, 8 
Aug, 12 Aug, 
19 Aug 
19 May, 21 
May, 7 June, 
4 July, 6 July, 
15 July, 16 
July 
  
determined using the average soil water potential reading from the 10 cm depth within each 
treatment. Irrigation thresholds were the same as the FIR study. Nitrogen fertilization and the 
initial 5-10 cm flood were applied uniformly across all plots at the same timing as the FIR study. 
Within the three AWD treatments, the 5-10 cm flood was held for the first 21 days to maximize 
N availability. After the initial 21 day flood, irrigation water was applied to re-establish a 5-10 
cm flood only when the soil water potential at the 10 cm depth in the uppermost paddy reached 
the associated threshold, up until heading (R3). At heading, a 5-10 cm flood was re-established 
across all treatments and held for 25 days. Water was maintained at approximately 5-10 cm 
depth in the CFR treatment from the initial flood to 25 days after heading. Plots were 12.2 m 
wide by 219 m long at PTRS and 10.4 m wide by 183 m long at NEREC to simulate the length 
of a commercial field. Two cross-levees were necessary at PTRS and four cross-levees were 
necessary at NEREC due to the decrease in elevation from top to bottom of the field, creating 
three and five bays per plot, respectively. The experiment was arranged in a RCB with three 
replications in all years. Sufficient border and levees between each treatment were positioned to 




 Soil moisture was monitored using Watermark granular matrix sensors and data loggers. 
In all years, three sensors per plot were installed in the center of the top paddy at 10, 20, and 30 
cm depths. The 10 cm sensor depth was used to initiate irrigation from 21 days after initial flood 
until heading. 
Plant Monitoring 
 Date of 50% heading and plant canopy height at harvest were recorded at all sites and for 
both tests. Canopy height was measured using a PVC pipe with a corrugated plastic plate affixed 
to the pipe, which was allowed to settle on the top of the plant canopy. All height sampling took 
place on non-harvest rows so that harvest rows were not damaged. Each plot was given a lodging 
score from 0-10, with 0 being all plants standing erect and 10 being all plants flat on the ground. 
Lodging rating was determined on the day of harvest. 
Yield and Milling Components 
 Yield response to irrigation treatments was assessed using whole plot weights. Plots were 
harvested using a commercial production combine with 7.6 m harvest width for PTRS AWD in 
2018, while all other site years were harvested with a 6.1 m harvest width. A weigh wagon (Par-
Kan Company, LLC, Silver Lake, IN) was loaded, weighed, and then emptied after each plot was 
harvested to determine weight. Subsamples were collected and a mini grain analysis computer 
(Dickey-John, Auburn, IL) was used to measure moisture content and test weight. The FIR plots 
were divided into zones (top one-third, middle one-third, and bottom one-third) in all years and 
yield was measured in a center harvest swath of each treatment strip. Thus, the observational unit 
was the harvest width by one-third plot length. Each AWD paddy (zone) was harvested and 
weighed independently in both years and yield was measured in a center harvest swath. This 
method allowed for the weight to be compared from upper to lower bays, where moisture levels 
49 
 
naturally differed. Weight was then divided by calculated area to give an average yield for each 
plot in kg ha-1. Yield was adjusted to 12% moisture. A 100 g sample of rice from each section 
was then milled with a PAZ-1 laboratory rice mill (Zaccaria USA, Anna, TX) to obtain percent 
head rice (%HR, whole kernels) and percent total white rice (%TR) which was expressed as 
milling yield (%HR/%TR). 
Water Use Calculation 
 Total irrigation water use was calculated by dividing the total volume of irrigation water 
applied to each treatment by the area to which the water was applied. Irrigation water use 
efficiency was then calculated by dividing total rice grain yield by the total amount of irrigation 
water applied. Lastly, WUE was calculated by dividing the total rice grain yield by the 
summation of total irrigation water applied and the amount of precipitation received from 
emergence to the day the rice was drained, or physiological maturity.  
Statistical Analyses 
 All plant monitoring and yield data were analyzed using the PROC GLIMMIX procedure 
and ANOVA statistics in SAS v 9.4 (SAS Institute, Cary, NC). Due to one treatment being 
irrigated by the same source at the same time, the observational unit for all water use 
measurements was one treatment at one site in one year, with one site year constituting one 
replication. An individual ANOVA was done for both the FIR and AWD studies because the 
studies were performed at separate sites within each research location. Location, treatment, zone, 
and their interactions were considered as fixed effects in the FIR model for analysis of yield and 
agronomic characteristics, while year, year by location, block within year by location, and block 
within year by location by treatment were considered as random effects. The model for AWD 
differed only in that zone was nested within location. The model for water usage included 
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location, treatment, and their interaction as fixed effects and year and year by location as random 
effects. All mean separation was done using a protected LSD at the 5% level of significance.  
Results 
Precipitation  
 Rainfall was slightly below the 30-year average prior to heading (early August) in 2018, 
while rainfall was then above average until harvest (Figure 1). In 2019, rainfall was near to well 
above average prior to heading and then near to well below average until harvest. Harvest dates 
ranged from 10 September to 5 October (Table 2). Therefore, the irrigation treatments were 
tested in relation to both a wet and dry natural environment during reproductive stages. Total in-
season rainfall amounts at PTRS were 468 mm in 2018 and 516 mm in 2019, which were 14 and 
54% above the 30-year average, respectively. Total in-season precipitation amounts at NEREC 
were not much lower than PTRS, but there was little discrepancy from the 30-year average for 
the area. In 2018, 473 mm of precipitation were received in-season at NEREC while 448 mm  
   
Figure 1. Monthly precipitation during two growing seasons (2018 and 2019) at (a) Pine Tree 
Research Station (PTRS) near Colt, AR and (b) Northeast Research and Extension Center 
(NEREC) in Keiser, AR. Thirty-year (1981-2010) precipitation average is also graphed from the 




























































were received in 2019, which were 5% above average and 1% below average for the area, 
respectively.   
Agronomic Characteristics 
 A significant zone by treatment interaction was observed for rice canopy height in the 
FIR study (Table 4). Canopy height measured within the bottom one-third of the field was 
greater than the top one-third within all irrigation thresholds (Table 5). Average canopy height in 
the bottom one-third ranged from 11.9 to 15.7 cm greater than the top one-third of the field 
across all FIR irrigation thresholds. Additionally, canopy height of the bottom one-third of the 
field was significantly greater than the middle one-third for both the -15 and -45 kPa irrigation 
thresholds. Heading date averaged 83 days after emergence across all FIR irrigation thresholds 
and did not differ significantly from the CFR. Additionally, there was no significant effect on 
test weight, which averaged 543.7 to 554.4 kg m-3 for all treatments. For reference – average 
canopy height for RT XP753 is 109 cm, average heading date is 80 days after emergence, and 
average test weight is 543 kg m-3 under CFR management (Hardke, Moldenhauer, & Sha, 
2018a). 
 No differences were detected in canopy height, heading date, or test weight across AWD 
irrigation thresholds. Canopy height ranged from 91.3 to 92.2 cm, heading date averaged 82 to 
83 days after emergence, and test weight ranged from 559.0 to 564.2 kg m-3 across all irrigation 
thresholds. No lodging was detected at either site in both years. The lack of negative impact on 
agronomics, such as delaying heading date or increasing canopy height, across AWD irrigation 




 There was no treatment main effect on total rice grain yield in either test (Table 4). 
However, a zone by treatment interaction was observed in the FIR test. For all FIR soil moisture 
thresholds, the bottom one-third yielded greater than the top one-third (Table 5). The bottom 
one-third of all treatments produced 930 to 1,475 kg ha-1 greater rice grain yield than the top one-
third of all treatments. Additionally, the bottom one-third yielded greater than the middle-one 
third when utilizing a -15 kPa threshold. Yield increased from 9,442 to 10,090 to 10,917 kg ha-1 
when comparing across top, middle, and bottom one-thirds of the -15 kPa irrigation threshold, 
respectively. The bottom one-third also yielded greater than the middle one-third when using a -
45 kPa irrigation threshold. For the CFR control, the top and middle thirds yielded significantly 
higher than the bottom one-third. The greater yields in the lower portion of the field within FIR 
treatments can likely be attributed to a flood being held in the lower one-third of the field once  
 
Table 4. Analysis of variance with associated p-values for grain yield, milling yield, and 
agronomic characteristics of furrow-irrigated rice (FIR) and alternate wetting and drying (AWD) 
tests utilizing two locations (Loc) in eastern Arkansas, four irrigation treatments (Trt), and 
multiple zones characterized by position along predominate field slope. 
Source of 
Variation 






  kg ha-1 -----------%----------- kg m-3  cm 
FIR        
   Location 1 0.8063 0.5115 0.4086 0.4239 0.8855 0.9061 
   Treatment 3 0.2671 0.3356 0.3971 0.2053 0.0543 0.1192 
   Loc x Trt 3 0.1163 0.9848 0.5515 0.2165 0.4173 0.3456 
   Zone 2 0.0004*** 0.0214* 0.0002*** 0.6252 N/A <.0001*** 
   Zone x Trt 6 <.0001*** 0.4121 0.4652 0.7821 N/A 0.0021** 
AWD        
   Location 1 0.1008 0.0881 0.2080 0.2334 0.8697 0.6185 
   Treatment 3 0.6732 0.5264 0.5491 0.7332 0.7441 0.9927 
   Loc x Trt 3 0.4918 0.3362 0.4629 0.6718 0.1312 0.2906 
   Zone(Loc) 6 <.0001*** <.0001*** 0.0912 0.8968 N/A N/A 
   Zone x Trt(Loc) 18 0.6536 0.7490 0.5787 0.9376 N/A N/A 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
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Table 5. Irrigation treatment by zone interaction effect on rice grain yield, canopy height, and 
milling yield from furrow-irrigated rice (FIR) irrigation threshold studies in eastern Arkansas. 
Treatments include -15, -30, and -45 kPa as well as a conventional flood rice (CFR) control.  




Head Rice Total Rice 
  kg ha-1 cm -------------%------------- 
-15 kPa Top 9,442 e a 83.1 de 47.6 70.7 
 Middle 10,090 cd 86.5 bcd 49.6 71.1 
 Bottom 10,917 ab 95.4 a 50.6 71.2 
-30 kPa Top 9,722 de 81.1 de 48.7 70.5 
 Middle 10,291 bcd 88.1 abcd 49.7 70.8 
 Bottom 10,652 abc 93.0 abc 52.3 71.2 
-45 kPa Top 9,630 de 79.1 e 47.4 70.8 
 Middle 10,055 cde 85.8 cde 49.3 70.6 
 Bottom 10,965 ab 94.8 a 49.7 71.4 
CFR Top 11,059 ab 94.3 ab 52.0 70.1 
 Middle 11,293 a 96.1 a 53.3 70.4 
 Bottom 9,814 de 88.2 abcd 51.4 70.5 
a Means followed by the same letter within a column are not significantly different using 
a protected LSD at α=0.05. 
 
irrigation was initiated, which would agree with previous research (Anders et al., 2012; Vories et 
al., 2002). Holding a flood across the lower portion of the FIR created a zone that was much 
more like the CFR treatment than an upland FIR environment. However, the average yield across 
the entire length of the field for all FIR irrigation thresholds did not suffer when compared to 
CFR, which is contradictory to most previous studies (Anders et al., 2012; Borrell et al., 1997; 
Grigg et al., 2000; Hardke et al., 2018b; Vories et al., 2002). By holding water in the lower 
portion of the field, water backed up in the furrows before it was able to exit the bottom of the 
field, which caused water to travel slower downfield. This allowed fewer irrigation applications 
while the rice grain yield in the bottom two-thirds of the field made up for the possibility of a 
slight yield loss in the top one-third of the field.  
 While there was no treatment effect of irrigation threshold on rice grain yield in the 
AWD test, there was a zone within location effect (Table 4). The top and bottom zones at PTRS 
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yielded significantly greater than the middle zone (Table 6). One reason that grain yield 
differences occurred by zone could be that one zone dried down quicker due to receiving less 
irrigation water from the side inlet design. Mean rice grain yield across treatments ranged from 
10,378 to 10,768 kg ha-1, suggesting that rice grain yield can be maintained under the AWD 
irrigation system. Maintaining rice grain yield under the AWD system agrees with previous 
studies during the last decade (Lampayan et al., 2015; Massey et al., 2014; Yao et al., 2012). 
Observing an allowable threshold of -45 kPa did not agree with work by Zhang et al. (2009); 
however, Zhang et al. allowed drying cycles from transplanting until final draining, whereas a 
continuous flood was held for the three weeks after preflood N application and from heading to 
physiological maturity for the current study. Practicing AWD through reproductive growth could  
 
Table 6. Zone within location effect on rice grain yield and milling yield from alternate wetting 
and drying (AWD) irrigation threshold studies in eastern Arkansas.  
Location Zone Grain Yield Head Rice Total Rice 
  kg ha-1 -------------%------------- 
NEREC a A c 9,914 de d 55.6 a e 69.7 
 B 10,890 abc 57.1 a 69.8 
 C 10,491 bcd 58.1 a 69.9 
 D 10,604 bc 58.7 a 70.2 
 E 9,357 e 56.8 a 70.0 
PTRS b A 12,052 a 36.1 a 70.3 
 B 10,139 cde 36.8 a 70.7 
 C 11,143 ab 39.6 a 70.8 
a NEREC: Northeast Research and Extension Center in Keiser, AR. 
b PTRS: Pine Tree Research Station near Colt, AR. 
c Rice zones lettered by decreasing field elevation (e.g. A denotes upper 
zone, E and C denote lower zones at NEREC and PTRS, respectively). 
d Means followed by the same letter within a column are not significantly 
different using a protected LSD at α=0.05. 
e The following additional pairs are significantly different: (NEREC D, 
NEREC E), (NEREC D, NEREC A), (NEREC C, NEREC A), (PTRS C, 




have been the source of yield loss for Zhang et al., as work by Anders et al. (2012) suggested that 
allowing drying cycles during reproduction could be a significant source of rice grain yield 
reduction.   
Milling Yield 
 There was a significant zone effect on both total white rice and head rice yield in FIR 
(Table 4). Total white rice yield was significantly greater in the bottom one-third of the field, 
averaging 0.4 to 0.6% higher than the middle and top thirds, respectively. Following a similar 
pattern, head rice yield was greater in the middle and bottom thirds compared to the top one-third 
of the field. Head rice yield averaged 50.5 to 51.0% in the middle and bottom thirds, while only 
averaging 48.9% in the top one-third of the field. These results suggest that the lack of a 
continuous flood can have a negative effect on milling yield, as the bottom one-third of the field 
was treated essentially as CFR. However, the average milling yield across the entire length of all 
FIR treatments did not significantly differ from the CFR.  
 There was no treatment or zone effect on total white rice when utilizing AWD irrigation 
(Table 4). Total white rice yield averaged from 70.1 to 70.4% across treatments and from 69.7 to 
70.8% across zones within locations (Table 6). However, there was a significant zone within 
location effect on head rice yield. Head rice yield was very low at PTRS, but the bottom one-
third of the field produced 2.8 to 3.5% greater head rice yield compared to the upper two-thirds. 
Producing greater head rice yield at the lower end of the field, where a flood was able to be 
maintained throughout the season, agrees with FIR results. 
Irrigation Water Use 
 The FIR system at a -45 kPa irrigation threshold was the only treatment able to 
significantly decrease irrigation water usage and increase IWUE when compared to the CFR 
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(Figure 2). The treatments utilizing a -15 kPa and -30 kPa irrigation threshold did not decrease 
water usage compared to the CFR and both thresholds required more irrigation than the -45 kPa 
regime. Utilizing an irrigation threshold of -45 kPa at the 10 cm depth allowed for a 33.5% 
decrease in irrigation water applied compared to CFR. An IWUE of 16.77 kg mm-1 ha-1 was also 
achieved with the -45 kPa irrigation threshold, which was a 42% increase compared to the CFR 
IWUE of 11.75 kg mm-1 ha-1. No differences in WUE were measured between FIR and the CFR; 
however, utilizing the -45 kPa irrigation threshold did increase WUE by 39.1% compared to the -
15 kPa threshold. Due to differences in rainfall, the irrigation interval in terms of number of days 
between irrigation events differed across years and sites in FIR. The average irrigation intervals 
at PTRS were 3.2, 5.4, and 8.8 days and at NEREC were 6.8, 11.7, and 11.8 days for -15, -30, 
and -45 kPa irrigation thresholds, respectively. In 2019, there were six significant rainfall events 
at PTRS and seven at NEREC (Table 3). This translated to average irrigation intervals of 6.4, 10, 
and 13.2 days at PTRS and 6.7, 6.7, and 8.4 days at NEREC for -15, -30, and -45 kPa irrigation 
thresholds, respectively. In fact, the -30 kPa threshold at PTRS did not require irrigation for 39 
days from June 17 to July 26 (Table 3). The differences in number of days between irrigation 
events agrees that an irrigation schedule based on number of days between irrigation events has 
the potential to be inaccurate, especially during periods with measurable rainfall (Brouwer, Prins, 
& Heibloem, 1989; Jensen, Robb, & Franzoy, 1970). However, data does suggest that irrigating 
every 5-7 days can be sufficient in the absence of rainfall on both soil textures studied. 
 Greater water savings have been suggested from other studies (Anders et al, 2012; 
Hardke et al., 2018b; Vories et al., 2002); but, both Anders et al. (2012) and Vories et al. (2002) 
saw a significant reduction in rice grain yield. However, the -45 kPa irrigation threshold 
maintained yield compared to the CFR while significantly decreasing water usage in the current 
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study. Water usage under a -15 and -30 kPa irrigation threshold did not decrease from the CFR, 
but yield was also maintained under both thresholds.  
 
 
Figure 2. (a) Total irrigation water use, (b) irrigation water use efficiency (IWUE), and (c) water 
use efficiency (WUE) for furrow-irrigated rice and conventional flood rice (CFR) averaged 
across two growing seasons (2018 and 2019) and two sites (Pine Tree Research Station near 
Colt, AR and Northeast Research and Extension Center in Keiser, AR). Means labeled by the 
same letter within a particular measure are not significantly different using a protected LSD at 





 Utilizing AWD irrigation decreased irrigation water usage and increased IWUE and 
WUE across all moisture thresholds when compared to the CFR (Figure 3). Drying to -15, -30, 
or -45 kPa at the 10 cm depth reduced irrigation water usage by 34.4 to 50.1% compared to the 
CFR. Additionally, AWD management resulted in a 58.1 to 103.8% increase in IWUE and a 30.0 
to 48.8% increase in WUE when compared to the control. Water use from AWD was comparable 
to the decrease reported from previous studies (Lampayan et al., 2015; Yao et al., 2012). The 
AWD system in tandem with side inlet irrigation allowed for tremendous time intervals between 
flood irrigation events. In 2018, the longest drying interval lasted 20 and 38 days for the -45 kPa 
irrigation threshold at PTRS and NEREC, respectively. In 2019, which included significantly 
above average July precipitation at both sites, there was a much longer drying interval for the -45 
kPa irrigation threshold. Drying intervals of 34 and 65 days were allowed at PTRS and NEREC, 
respectively. Not irrigating for over two months while not sacrificing yield or quality does not 
only save irrigation water, but also frees farm labor to perform other tasks and lends irrigation 




Figure 3. (a) Total irrigation water use, (b) irrigation water use efficiency (IWUE), and (c) water 
use efficiency (WUE) for alternate wetting and drying and conventional flood rice (CFR) 
averaged across two growing seasons (2018 and 2019) and two sites (Pine Tree Research Station 
near Colt, AR and Northeast Research and Extension Center in Keiser, AR). Means labeled by 
the same letter within a particular measure are not significantly different using a protected LSD 




 Results from both irrigation studies suggest that irrigation can be delayed to a -45 kPa 
soil moisture threshold at a 10 cm depth. Delaying irrigation until this time did not sacrifice grain 
yield or milling yield and was able to increase IWUE and WUE in FIR when compared to the -
15 and -30 kPa treatments. Despite the use of varied N management schemes for reasons 
described in materials and methods, results are very promising. Applying N in the optimal split 
application method has the potential to increase yield by at least 10% and possibly even greater 
(Hardke & Chlapecka, 2020). Additionally, both irrigation methods were able to produce similar 
grain and milling yield when compared to CFR, which was grown with the optimal N 
management strategy, while using significantly less irrigation water.  
 Reducing the amount of irrigation application and increasing IWUE has the potential to 
go a long way in making use of the MRVAA more sustainable. Water usage was reduced by 34 
to 46% compared to CFR in the current study. Considering that 71% of Arkansas’ irrigation 
water is currently sourced from the MRVAA and that harvested rice hectarage has averaged 
540,000 ha since 2010, the potential for vast water savings with little to no yield loss is certainly 
possible for rice production in Arkansas where producers are relying on continually depleting 
aquifer reserves. 
 Prior to this study, little work has been published from the Mid-South utilizing a true 
furrow irrigation system. Most work to date has involved a mock furrow-irrigated system, 
generally in the form of flush irrigation. The field lengths (183 to 366 m) were chosen to closely 
mimic what is utilized commercially. Irrigation frequency and the behavior of not only irrigation 
water applied, but also rainfall, can vary drastically when field size is scaled down. Field length 
similar to commercial scale allows for irrigation sets which are similar in length and water 
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application amounts similar to production agriculture. Additionally, the plot size allowed for all 
field activities to be done using commercial-scale equipment. This included cultivation, planting, 
weed control, aerial and ground fertilization, irrigation application, and harvest.  
 Grain yield, milling yield, and irrigation water use (total water use, IWUE, and WUE) did 
not differ significantly across sites in either study despite two different soil textures on which 
rice is grown across the Mid-South. Approximately 51% of Arkansas’ rice crop is grown on silt 
loam soils such as the PTRS site, while 24% is grown on clayey soils such as the NEREC site 
(Hardke, 2020). Although these soil textures differ greatly in regards to physical and chemical 
properties, no significant site effect was measured for the factors examined in this study. Ease of 
use and not having to alter management practices based upon soil texture would be great 
advantages in using Watermark sensors over other more time-consuming methods of soil 
moisture measurement. 
 The study covered two growing seasons at both research stations. In 2018, precipitation 
was near to slightly below average at both sites up until heading, when precipitation during the 
month of August reached 1.92 to 2.14 times the 30-year average (Figure 1). In contrast, 
precipitation was well above average in June and July (vegetative to early reproductive) and near 
average in August (grain fill) at PTRS (Figure 1a), while precipitation was near to well below 
average in June and August (vegetative and grain fill) and well above average in July (early 
reproductive) at NEREC (Figure 1b). Maintaining similar results under near, well below, and 
well above average precipitation during grain fill suggests that using a -45 kPa irrigation 
threshold under alternative rice irrigation strategies has the potential to maintain rice yield and 
quality while decreasing water usage and, thus, increasing IWUE and WUE across a wide array 
of production situations. Since the -45 kPa irrigation threshold did not result in a significant yield 
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reduction, further research is necessary to identify the critical threshold at which grain yield loss 
may occur. In addition, research focused only on hybrid cultivars known to have greater stress 
tolerance and disease resistance, while research on pureline varieties is limited to date. 
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Abbreviations: 
AEn – Agronomic efficiency of nitrogen; CF – Conventional flood; FIR – Furrow-irrigated rice; 
IRRI – International Rice Research Institute; NBPT – n-butyl-thiophosphoric triamide ; NSTaR 
– Nitrogen Soil Test for Rice; RCB – Randomized complete block; REn – Recovery efficiency 
of nitrogen; TNU – aboveground total nitrogen uptake ; %HR – Percent head rice; %TR – 
Percent total white rice  
 
Core Ideas: 
Furrow-irrigated rice N management should differ from CF recommendations 
A three-way split N application maximized grain yield, milling, and TNU 
FIR on clayey soils required a greater season total N rate compared to CF rice production 




  Furrow-irrigated rice (FIR) has garnered increasing attention in Arkansas and across the 
Mid-South, as over 10% of Arkansas’ rice crop now utilizes furrow irrigation water 
management. Because of this recent interest, little data exists on FIR production management. 
Studies were conducted from 2018 to 2020 to determine the optimum nitrogen (N) management 
program for FIR production on clayey soils. Nine N management strategies were studied in 2018 
and 2019, including one- to four-way applications and several rates, with one additional 
approach in 2020. Five site-years were utilized where agronomic characteristics, grain yield, 
milling yield, and total N uptake (TNU) were examined. Grain and milling yield were 
consistently maximized with a three-way split consisting of 84 kg N ha-1 at V5-V6 (pre-
irrigation), 84 kg N ha-1 two weeks later, and 52 kg N ha-1 one week after the second application. 
Grain yield averaged 10,307-12,585 kg ha-1 while head rice yield averaged 52.2-62.1% under the 
84/0/84/52 kg N ha-1 split. Total N uptake was greatest where three to four applications and/or a 
higher total N rate were utilized in 2018 and 2019, while a two-way split or greater maximized 
TNU in 2020. Recovery efficiency of N (REn) and agronomic efficiency of N (AEn) were 
generally higher with a greater number of split applications. Average REn for the 84/0/84/52 kg 
N ha-1 split was 34.4-50.6%. Results suggest that a greater N rate and/or number of applications 
are warranted to maximize FIR production on clayey soils compared to recommendations in a 




 Furrow-irrigated rice (Oryza sativa L.) (FIR) has garnered much greater attention in 
Arkansas and across the Mid-South over the past several years. Furrow-irrigated rice comprised 
less than 1% of the total rice hectares in Arkansas prior to 2016; however, since then FIR has 
grown to near 15% of total rice hectares as of 2020 and is expected to increase even further in 
the coming years (Hardke, personal communication). The concept of FIR is not new in Arkansas 
and research dates back at least 20 to 30 years (Grigg et al., 2000; Hefner & Tracy, 1991; Vories, 
Counce, & Keisling, 2002). The aforementioned studies indicated poor yields in the FIR system, 
but most work was done prior to the adoption of many new technologies including the 
widespread adoption of hybrid cultivars. Recent studies utilizing hybrid cultivars have suggested 
that FIR can be a successful production practice (Chlapecka, Hardke, Roberts, Mann, & Ablao, 
2021). Hybrid cultivars may overcome several issues of FIR, including blast disease and drought 
stress. 
 Nitrogen management in FIR has the potential to be much more intensive than in the 
direct-seeded, delayed-flood system. This delayed flood system is often referred to as a 
conventional flood (CF) system, as once fields are flooded at seedling stages of rice, they remain 
flooded for the remainder of the growing season. The N recommendation for a hybrid cultivar 
grown under the CF system is a large single preflood application followed by a smaller 
application at late boot (Roberts, Slaton, Wilson, Jr., & Norman, 2018). However, up to five 
applications of N fertilizer (urea, 46-0-0) may be warranted for FIR production in some 
situations (Hardke et al., 2017). A greater number of applications are generally recommended 
with steeper field slopes, where water cannot be held across the bottom of the field. The safest N 
management program is a “spoon-feed” approach, where 52 kg N ha-1 is applied at V4-V5 and 
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an additional 52 kg N ha-1 is applied every 7 d thereafter for a total of four applications. While 
these N guidelines are provided by Hardke et al. (2017) as a reference for FIR producers in the 
Mid-South, N management schemes are based largely on observation, making a deeper research 
base for sound N rate and timings in FIR a priority.   
Managing N in FIR has gone largely unstudied in the Mid-South, likely due to the lack of 
success with FIR in past years. In the CF system, most N uptake comes from N fertilization 
during emergence to R0 (Counce, Keisling, & Mitchell, 2000), but native soil N supplies the 
plant during the remainder of the growing season (Norman, Wilson, & Slaton, 2003). However, 
it can be presumed that N management will differ in the FIR system due to its aerobic nature. 
Hefner and Tracy (1991) determined that 202 kg N ha-1 split into two to three applications 
produced optimal rice grain yield in the pureline variety Lemont on a 0.5% slope Portageville 
clay. Beyrouty, Grigg, Norman, and Wells (1994) saw no effect of water management on plant 
tissue N concentrations in Arkansas. However, it was reported that total N uptake (TNU) by 
booting (R2) was greatly decreased in aerobic rice, by 32 to 43%, as well as the tissue 
concentration of some nutrients, including potassium (K), zinc (Zn), and manganese (Mn). 
 Several N management studies have been conducted on FIR outside of the US. Maximum 
rice grain yield was achieved in non-irrigated aerobic rice at the International Rice Research 
Institute (IRRI) with 120 to 150 kg N ha-1 applied in a three- to four-way split (Lampayan et al., 
2010). However, the IRRI research site was a very low yielding environment, with rice grain 
yield averaging 2,000 to 4,000 kg ha-1. In Australia, maximizing rice grain yield and TNU in a 
continuous furrow-irrigated system on a grey Vertisol required a total of 280 kg N ha-1 (Ockerby 
& Fukai, 2001). However, with the same high N management scheme it was noted that crop dry 
weight and N concentration were greater on raised beds compared to paddy rice. Similar to 
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Beyrouty et al. (1995), Belder et al. (2005) documented on a clayey soil texture at the IRRI that 
TNU under aerobic conditions was only 65% that of plants under CF and that total N recovery 
was only 22%, compared to 49% in a CF system. Because soil nitrate concentrations were so 
low, Belder et al. (2005) hypothesized that most N loss must be due to increased nitrification-
denitrification rates, possibly due to redox potential values in aerobic rice reaching that of a 
wheat (Triticum aestivum L.) or barley (Hordeum vulgare L.) soil (Bohrerova, Stralkova, 
Podesvova, Bohrer, & Pokorny, 2004). However, rice exposed to water deficit stress, particularly 
during the vegetative stages, has responded well to N fertilization timing similar to that which 
never experienced moisture stress (Castillo, Buresh, & Ingram, 1992). Coupled with the 
introduction of more efficient hybrid cultivars, N management of FIR in the Mid-South has yet 
to be defined. Therefore, a three-year study was conducted to determine the appropriate N 
management program for hybrid rice grown under the FIR system on clayey soils in the Mid-
South. 
Materials and Methods 
   The N application timing study was conducted in 2018, 2019, and 2020 in five producer-
managed commercial FIR fields. In 2018 the Keiser site was mapped primarily as a Sharkey-
Steele complex (very-fine, smectitic, thermic Chromic Epiaquerts and sandy over clayey, mixed, 
superactive, nonacid, thermic Aquic Udifluvents) with 0 to 1 percent slopes (Soil Survey Staff, 
2020). In 2019, the two sites, Hightower North and Hightower South, were mapped primarily as 
a mix of Sharkey-Steele complex and Sharkey-Crevasse complex (very-fine, smectitic, thermic 
Chromic Epiaquerts and mixed, thermix typic Udipsamments) with 0 to 1 percent slopes. In 
2020, Hightower East was mapped as a Sharkey-Crevasse complex and Hightower West was 
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mapped as primarily a Sharkey silty clay (very-fine, smectitic, thermic Chromic Epiaquerts) with 
0 to 1 percent slopes. 
  Rice was managed by cooperating producers following the University of Arkansas 
System Division of Agriculture’s Cooperative Extension Service guidelines for maximum 
production (Hardke, 2018) in all aspects other than N rate and timing, which was applied by 
hand following the research protocol described below. The previous year’s cash crop was 
soybean [Glycine max (L.) Merr.] at all locations. The cultivar, planting date, harvest date, and N 
application timings for each site are outlined in Table 1.  
Table 1. Cultivar, planting date, harvest date, and weekly nitrogen (N) application timings for 
the five sites in furrow-irrigated rice (FIR) N management trials located on clayey soils in 



















2018 Keiser RT a XP753 7 May 13 Sep 5 June 11 June 18 June 25 June 
2019 Hightower 
North 
RT XP753 1 April 29 Aug 28 May 3 June 11 June 17 June 
2019 Hightower 
South 
RT XP753 25 April 9 Sep 3 June 11 June 17 June 25 June 
2020 Hightower 
West 
RT 7521 FP 8 April 8 Sep 21 May 28 May 4 June 10 June 
2020 Hightower 
East 
RT XP753 7 April 8 Sep 21 May 28 May 4  June 10 June 
a RiceTec (RiceTec Inc., Alvin, TX) 
 
Individual trials were set up as a split-plot design with the whole plot factor being location within 
the field (top versus bottom) and the split-plot factor being N management regime in a 
randomized complete block (RCB) design. The two locations within the field were the top one-
third of the field, where upland conditions (aerobic) existed throughout the season, and the 
bottom one-third of the field, where a flood was established by V7 (Counce et al., 2000) in 2018 
and by R1, after all N fertilizer was applied, in 2019 and 2020. Thus, the first two weekly N 
application timings in 2018 and all four weekly N application timings in 2019 and 2020 were 
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applied before a permanent flood was established. Plots measured 3.9 m (4 beds on 0.97 m 
spacing) wide in 2018 and 2.9 m (3 beds on 0.97 m spacing) wide in 2019 and 2020, while plot 
length was 5.2 m for all years.  
Nitrogen Application Timing 
  For all sites, the initial N application was made at the V5 to V6 stage and the first 
irrigation was applied within 2 d of application to incorporate the N fertilizer. The overall base N 
rate was determined by University of Arkansas System Division of Agriculture guidelines for the 
recommended preflood rate for RT XP753 and RT 7521 FP (RiceTec Inc., Alvin, TX) following 
soybean plus an additional 34 kg N ha-1 for rice grown on a clayey soil, resulting in a season total 
N rate of 168 kg N ha-1 (Roberts et al., 2018).  In 2018 and 2019, there were eight treatments 
utilizing urea (460 g N kg-1) plus the urease inhibitor n-butyl-thiophosphoric triamide (NBPT) as 
well as a control with no N fertilization added (Table 2). One additional N management 
treatment was added in 2020. 
Table 2. Treatment structure for furrow-irrigated rice (FIR) trials located on clayey soils in 







Week 2 Week 3 Week 4 
 ------------------------kg N ha-1------------------------ 
1 0 - - - - 
2 168 168 - - - 
3 168 84 - 84 - 
4 168 84 42 42 - 
5 168 42 42 84 - 
6 168 42 42 42 42 
7 220 84 - 84 52 
8 156 52 52 52 - 
9 235 235 - - - 
10 b 208 52 52 52 52 
a Week 1 refers to treatments applied prior to the first irrigation 
event (pre-irrigation).  Subsequent treatments were applied at 
weekly intervals following the Week 1 treatment. 




  Treatment 1 was a non-fertilized control while Treatments 2-6 were based upon the 
season total N rate for a single preflood (flooded rice) N recommendation and were split into one 
to four applications at varying intervals. Treatment 7 was a two-way split of the preflood 
recommendation plus an additional 52 kg N ha-1 application one week after the second 
application, near R0 (beginning internode elongation). A 52 kg ha-1 application rate represents 
the minimum rate for which most aerial applicators charge as application fee. Treatment 8 was 
three weekly applications of 52 kg N ha-1 and Treatment 9 utilized an excessive single pre-
irrigation rate, where 40% more N than the standard preflood rate was applied at the V5-V6 
timing. Treatment 10, consisting of four weekly applications of 52 kg N ha-1, was added in 2020 
to address inconsistent results observed with Treatment 8. Nitrogen treatment represented the 
split-plot factor and was arranged in a RCB design with four replications within both the top and 
bottom locations of each site. 
Agronomic Measures 
  Plant development was monitored to include date of 50% heading (R3) and plant canopy 
height at maturity (R9). Canopy height was measured using a PVC pipe with a corrugated plastic 
plate affixed to the pipe, which was allowed to settle on the top of the plant canopy. All height 
sampling took place between furrows on a non-harvest row so that harvest rows were not 
damaged. No plant lodging was recorded at any of the site-years. The normalized difference 
vegetative index (NDVI) was also measured using a GreenSeeker handheld crop sensor 
(Trimble, Inc., Sunnyvale, CA) averaged down the length of each plot approximately 60 cm 
above the rice canopy at R1. This resulted in approximately five NDVI readings which were 




  Whole plant samples were collected at R3 (50% heading) to analyze the TNU of each 
plot. Maximum N uptake occurs at approximately R3 and can slightly increase, slightly decrease, 
or discontinue based on a number of factors (Norman et al., 2003). Samples were taken to 
include all above-ground plant biomass from 1-m of a single interior non-harvest row on the 
shoulder of a bed from each plot. Sample dates for each site were 24 July at 2018 Keiser, 23 July 
at 2019 Hightower North, 30 July at 2019 Hightower South, 23 July at 2020 Hightower West, 
and 23 July at 2020 Hightower East. The samples were dried at 60°C to constant weight, 
weighed, and ground to pass a 1-mm sieve in a Wiley mill (Thomas Scientific, Swedesboro, NJ). 
Nitrogen concentration of the above-ground biomass was analyzed at the Agricultural Diagnostic 
Laboratory in Fayetteville, AR using the combustion method (elementar rapid N III, Elementar 
Analysensysteme GmbH, Langenselbold, Germany) (Campbell, 1992). The TNU of the above-
ground biomass was calculated as follows: 
 𝑇𝑁𝑈 = 𝑁(𝐵)         [1] 
where N is the N concentration and B is the mass of the above-ground biomass. Additionally, 
recovery efficiency of nitrogen (REn) was determined by the difference method: 
  𝑅𝐸𝑛 =  
𝑇𝑁𝑈𝑁𝐵𝐿−𝑇𝑁𝑈0𝐿
𝑇𝑜𝑡𝑎𝑙 𝑁 𝑅𝑎𝑡𝑒
         [2] 
where TNUBNL at a particular site is the TNU of each N treatment (N) within a block (B) within a 
location in the field (L) and TNU0L is the average TNU for the control within the same location 
in the field (L) (i.e. TNU from block 1 at the top of the Keiser site compared to the average TNU 
of the untreated check at the top of the Keiser site). Similarly, agronomic efficiency of nitrogen 
(AEn) was determined as follows: 
 𝐴𝐸𝑛 =  
𝐺𝑌𝑁𝐵𝐿− 𝐺𝑌0𝐿
𝑇𝑜𝑡𝑎𝑙 𝑁 𝑅𝑎𝑡𝑒
         [3] 
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where GYNBL at a particular site is the grain yield of each N treatment (N) within a block (B) 
within a location in the field (L) and GY0L is the average grain yield for the control within the 
same location in the field (L).  
Yield and Harvest Components 
 Yield response was assessed using a Wintersteiger (Wintersteiger, Inc., Innkreis, Upper 
Austria) plot combine with 122 cm harvest width in 2018 and 76 cm harvest width in 2019 and 
2020. Weight was then divided by calculated area to give an average yield for each plot. The 
combine also recorded the moisture content of each plot. Grain yield was adjusted to 12% 
moisture. A 100 gram representative sample of rice from each plot was then milled with a PAZ-1 
laboratory rice mill (Zaccaria USA, Anna, TX) to obtain percent head rice (%HR, whole kernels) 
and percent total white rice (%TR) for each plot.   
Statistical Analyses 
 All plant monitoring and yield data were analyzed using the PROC GLIMMIX procedure 
in SAS v 9.4 (SAS Institute, Cary, NC). Heading date, canopy height, NDVI, TNU, REn, AEn, 
rice grain yield, %HR, and %TR were analyzed with four replications per location within the 
field per site-year. A separate ANOVA was carried out for 2020 due to the added treatment. The 
model for all variables included treatment, location within the field, and their interaction as fixed 
effects while block within location of the field within site-year was considered as a random 
effect. Rice grain yield, heading date, canopy height, TNU, and AEn were assumed to have a 
gamma distribution while NDVI, REn, %HR, and %TR were assumed to have a beta 
distribution. Data points were analyzed within each site for outliers, and those with the absolute 
value of their studentized residual greater than 2.5 were considered for removal from the data set 
76 
 
based upon subject matter consideration. All means separation was done using a protected LSD 
at the 5% level of significance. 
Results 
Agronomic Characteristics  
 Heading date, canopy height, and NDVI were all significantly affected by N treatment 
across the 2018 and 2019 sites, while canopy height was also affected by a significant location 
main effect (Table 3). Heading date and canopy height were affected similarly in 2020, but 
NDVI was affected by a significant location by treatment interaction. The variance of heading 
date and canopy height was significantly affected by both block within location within site-year 
and residual variance across all years, while NDVI was only affected by residual variance (Table 
4).  
 
Table 3. Analysis of variance with associated p-values for the agronomic characteristics of 












  ----------------p-value---------------- 
2018 and 2019     
   Location 1 0.6056 0.0131* 0.5572 
   Treatment 8 <0.0001*** <0.0001*** <0.0001*** 
   Location x Trt 8 0.9376 0.3396 0.1155 
2020     
   Location 1 0.9215 <0.0001*** 0.5522 
   Treatment 9 <0.0001*** <0.0001*** <0.0001*** 
   Location x Trt 9 0.8960 0.5528 0.0426* 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
a Height of the rice canopy at maturity (R9) 




Table 4. Percentage makeup for the variance components of block within location (Loc) within 
site-year (SiteYr) and residual for the agronomic characteristics of furrow-irrigated rice (FIR) 









2018 and 2019 -----------------------%----------------------- 
   Block (Loc SiteYr) 88.1 75.1 0.0 
   Residual 11.9 24.9 100.0 
2020    
   Block (Loc SiteYr) 38.2 11.6 0.1 
   Residual 61.8 88.4 99.9 
a Height of the rice canopy at maturity (R9) 
b Normalized difference vegetative index 
  
 In 2018 and 2019, the heading date of all fertilized treatments averaged within 1 d of 
each other, while the untreated check headed 4-5 d earlier (Table 5). Canopy height was greatest, 
89.5 to 91.7 cm, under the 42/42/42/42 kg N ha-1 split, 84/0/84/52 kg N ha-1 split, and the 235 kg 
N ha-1 single application. Canopy height also averaged 10.8 cm greater at the bottom of the field, 
where a continuous flood was present after V7 in 2018 and after R1 in 2019, compared to the top 
end of the field. Meanwhile, NDVI at the R1 growth stage was maximized with all fertilized 
treatments besides the single pre-irrigation application of 168 kg N ha-1. In 2020, heading date 
was latest under the 84/0/84/52 kg N ha-1 split, 52/52/52/52 kg N ha-1 split, and the 235 kg N ha-1 
single application; however, similar to 2018 and 2019, all fertilized treatments headed within 1 d 
of each other (Table 6). Canopy height followed a similar trend, as the greatest canopy height 
occurred with the same three treatments and averaged 84.8 to 87.8 cm. All fertilized treatments 
averaged between 80.6 and 87.8 cm in height. Additionally, canopy height averaged 12.4 cm 
greater at the bottom of the field compared to the top, similar to 2018 and 2019. Six of the nine N 
fertilized treatments at the top of the field and five of the nine N fertilized treatments at the 
bottom of the field maximized NDVI at R1 (Table 7). It is notable that the 42/42/42/42 kg N ha-1 
78 
 
split, 84/0/84/52 kg N ha-1 split, and the 235 kg N ha-1 single application are the three treatments 
that maximized NDVI at both the top and bottom locations. 
 
Table 5. Mean heading date, canopy height, and normalized difference vegetative index (NDVI) 
by treatment, averaged across top and bottom locations, of furrow-irrigated rice (FIR) nitrogen 









 kg N ha-1  cm  
1 Control 21 July e c 71.0 f 0.548 c 
2 168/0/0/0 25 July d 85.6 de 0.740 b 
3 84/0/84/0 25 July d 87.0 cde 0.757 ab 
4 84/42/42/0 25 July cd 87.9 bcde 0.752 ab 
5 42/42/84/0 26 July bc 88.2 bcd 0.760 ab 
6 42/42/42/42 25 July cd 89.5 abc 0.768 a 
7 84/0/84/52 26 July ab 91.7 a 0.768 a 
8 52/52/52/0 25 July cd 84.8 e 0.750 ab 
9 235/0/0/0 26 July a 90.6 ab 0.762 ab 
a Treatment structure refers to weekly nitrogen (N) 
application rates. The first number corresponds to the 
pre-irrigation timing followed by the three subsequent 
weeks. 
b Height of the rice canopy at maturity (R9) 
c Means followed by the same letter within a column 











Table 6. Mean heading date and canopy height by treatment, averaged across top and bottom 
locations, of furrow-irrigated rice (FIR) nitrogen (N) management trials on clayey soils in 







 kg N ha-1  cm 
1 Control 22 July e c 73.0 d 
2 168/0/0/0 24 July bcd 82.6 bc 
3 84/0/84/0 24 July cd 83.4 bc 
4 84/42/42/0 24 July d 80.6 c 
5 42/42/84/0 24 July d 81.9 bc 
6 42/42/42/42 24 July d 81.0 c 
7 84/0/84/52 25 July abc 87.8 a 
8 52/52/52/0 24 July cd 82.0 bc 
9 235/0/0/0 25 July a 87.8 a 
10 52/52/52/52 25 July ab 84.8 ab 
a Treatment structure refers to weekly 
nitrogen (N) application rates. The first 
number corresponds to the pre-irrigation 
timing followed by the three subsequent 
weeks. 
b Height of the rice canopy at maturity (R9) 
c Means followed by the same letter within 
a column are not significantly different 












Table 7. Mean normalized difference vegetative index (NDVI) by location and treatment of 
furrow-irrigated rice (FIR) nitrogen (N) management trials on clayey soils in northeastern 
Arkansas in 2020. 
Location a Treatment b NDVI c 
  kg N ha-1  
Top 1 Control 0.449 f d 
 2 168/0/0/0 0.641 cde 
 3 84/0/84/0 0.678 abcde 
 4 84/42/42/0 0.609 e 
 5 42/42/84/0 0.699 abcd 
 6 42/42/42/42 0.688 abcd 
 7 84/0/84/52 0.736 a 
 8 52/52/52/0 0.651 bcde 
 9 235/0/0/0 0.664 abcde 
 10 52/52/52/52 0.711 ab 
Bottom 1 Control 0.447 f 
 2 168/0/0/0 0.657 abcde 
 3 84/0/84/0 0.618 de 
 4 84/42/42/0 0.678 abcde 
 5 42/42/84/0 0.626 de 
 6 42/42/42/42 0.671 abcde 
 7 84/0/84/52 0.674 abcde 
 8 52/52/52/0 0.644 bcde 
 9 235/0/0/0 0.710 abc 
 10 52/52/52/52 0.650 bcde 
a Location within the field 
b Treatment structure refers to weekly 
nitrogen (N) application rates. The first 
number corresponds to the pre-irrigation 
timing followed by the three subsequent 
weeks. 
c Normalized difference vegetative index 
d Means followed by the same letter within a 
column are not significantly different using a 
protected LSD at α=0.05. 
 
Nitrogen Analysis 
 In 2018 and 2019, there was a significant N treatment main effect for TNU and AEn, 
while there were no significant effects on REn (Table 8). Block within location within site-year 
accounted for the majority of the variance for TNU and AEn, while the variance for REn was 
reliant upon residual variance (Table 9). The TNU at R3 was greatest when either a higher total 
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Table 8. Analysis of variance with associated p-values for total nitrogen uptake (TNU), recovery 
efficiency of nitrogen (REn), and agronomic efficiency of nitrogen (AEn) of furrow-irrigated 













  ----------p-value----------  p-value 
2018 and 2019      
   Location 1 0.4892 0.3135 1 0.0865 
   Treatment 8 <0.0001*** 0.0588 7 <0.0001*** 
   Location x Trt 8 0.1187 0.2398 7 0.1404 
2020      
   Location 1 0.0979 0.5849 1 0.0334* 
   Treatment 9 <0.0001*** 0.0309* 8 0.6319 
   Location x Trt 9 0.4375 0.7986 8 0.9343 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
 
Table 9. Percentage makeup for the variance components of block within location (Loc) within 
site-year (SiteYr) and residual for total nitrogen uptake (TNU), recovery efficiency of nitrogen 
(REn), and agronomic efficiency of nitrogen (AEn) of furrow-irrigated rice (FIR) nitrogen (N) 
management trials on clayey soils in northeastern Arkansas. 
Variance Component TNU REn AEn 
2018 and 2019 -----------------------%----------------------- 
   Block (Loc SiteYr) 69.8 2.3 75.4 
   Residual 30.2 97.7 24.6 
2020    
   Block (Loc SiteYr) 49.7 10.3 28.7 
   Residual 50.3 89.7 71.3 
 
N rate or a greater number of splits were utilized (Table 10). Specifically, a three-way split with 
the majority applied with the third application (42/42/84/0 kg N ha-1) and a four-way split 
(42/42/42/42 kg N ha-1) resulted in an equivalent amount of TNU by R3 when compared to the 
treatments with an increased total N rate. The TNU for these four treatments averaged 147.3 to 
168.5 kg N ha-1. All N fertilized treatments recovered at least 131.4 kg N ha-1, while the 
untreated check recovered 57.2 kg N ha-1 at R3. The REn did not significantly differ across 
treatments and averaged 39.1 to 58.3%. Mean REn likely did not separate across treatments due 
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to residual variance (Table 9). A maximum REn of 58.3% under FIR production is lower than 
the expected N recovery value under CF production, which can average 78.2 to 78.4% with a 
total N rate of 168 kg N ha-1 (Norman, Roberts, Slaton, & Fulford, 2013). In the current study, 
CF conditions were never applied to the top of the field and were only applied to the bottom of 
the field after all N had been applied in four of five site-years. Therefore, the irrigation 
management of both the upper and lower portions of the field were more similar to a furrow-
irrigated production system through the end of N applications at which time the lower portion of 
the field was flooded and maintained until maturity. The AEn was greatest when a three- to four-
way split was utilized, but not when a total N rate of greater than 168 kg N ha-1 was applied.  
 
Table 10. Total nitrogen uptake (TNU), recovery efficiency of nitrogen (REn), and agronomic 
efficiency of nitrogen (AEn) by treatment, averaged across top and bottom locations, in furrow-
irrigated rice (FIR) nitrogen (N) management trials on clayey soils in 2018 and 2019.  
Treatment a TNU b REn c AEn d 
 -------kg N ha-1------- % kg kg-1 
1 Control 57.2 d e - - 
2 168/0/0/0 131.8 c 45.5 26.2 c 
3 84/0/84/0 138.4 bc 47.2 27.5 bc 
4 84/42/42/0 138.3 bc 47.8 29.5 abc 
5 42/42/84/0 156.9 ab 58.3 31.4 a 
6 42/42/42/42 147.3 abc 53.2 30.6 ab 
7 84/0/84/52 168.5 a 50.6 27.1 bc 
8 52/52/52/0 131.4 c 45.6 29.5 abc 
9 235/0/0/0 160.9 a 39.1 21.8 d 
a Treatment structure refers to weekly nitrogen 
(N) application rates. The first number 
corresponds to the pre-irrigation timing followed 
by the three subsequent weeks. 
b Total nitrogen uptake 
c Recovery efficiency of nitrogen 
d Agronomic efficiency of nitrogen 
e Means followed by the same letter within a 
column are not significantly different using a 




 In 2020, there was a significant treatment main effect on TNU and REn, while there was 
a significant location main effect on AEn (Table 8). Residual variance made up the majority of 
the variance for all three N parameters (Table 9). Total N uptake was lowest for the control, 
followed by the single application of 168 kg N ha-1 (Table 11). As long as the N was applied at 
an excessive rate or in split applications, TNU was maximized in 2020. The REn was maximized 
by all split applications of the recommended rate of 168 kg N ha-1 as well as the 52/52/52/0 kg N 
ha-1 split, which was a slightly lower total N rate. While excessive N rates maintained TNU, as 
expected, they resulted in lower REn than the four-way split of 42/42/42/42 kg N ha-1. The four-
way split resulted in the greatest numerical TNU and REn of 135.9 kg N ha-1 and 52.5%, 
respectively. The AEn averaged at least 21.3 kg kg-1 for all treatments but did not significantly  
Table 11. Total nitrogen uptake (TNU), recovery efficiency of nitrogen (REn), and agronomic 
efficiency of nitrogen (AEn) by treatment, averaged across both locations, in furrow-irrigated 
rice (FIR) nitrogen (N) management trials on clayey soils in 2020. 
Treatment a TNU b REn c AEn d 
 -------kg N ha-1------- % kg kg-1 
1 Control 51.9 c e - - 
2 168/0/0/0 92.9 b 24.9 c 23.8 
3 84/0/84/0 112.9 ab 38.0 abc 26.7 
4 84/42/42/0 114.8 a 40.7 ab 25.4 
5 42/42/84/0 127.3 a 46.3 ab 21.8 
6 42/42/42/42 135.9 a 52.5 a 25.2 
7 84/0/84/52 125.3 a 34.4 bc 22.5 
8 52/52/52/0 114.2 a 43.3 ab 21.3 
9 235/0/0/0 135.1 a 36.3 bc 25.6 
10 52/52/52/52 119.4 a 32.9 bc 22.1 
a Treatment structure refers to weekly nitrogen 
(N) application rates. The first number 
corresponds to the pre-irrigation timing followed 
by the three subsequent weeks. 
b Total nitrogen uptake 
c Recovery efficiency of nitrogen 
d Agronomic efficiency of nitrogen 
e Means followed by the same letter within a 
column are not significantly different using a 




differ across treatments. However, AEn averaged 7.5 kg kg-1 greater at the bottom of the field, 
where a flood was held, compared to the top of the field (Table 12). This result further 
emphasizes the utility of backing a flood into the field as far as possible without establishing too 
deep of a flood at the lower end of the field. 
 
Table 12. Agronomic efficiency of nitrogen (AEn) by location, averaged across all treatments, in 
furrow-irrigated rice (FIR) nitrogen (N) management trials on clayey soils in 2020. 
Location a AEn b 
 kg kg-1 
Top 27.8 a c 
Bottom 20.3 b 
a Location within the 
field 
b Agronomic 
efficiency of nitrogen 
c Means followed by 
the same letter within 
a column are not 
significantly different 
using a protected 
LSD at α=0.05. 
 
Yield Components 
  In all years, there was a significant N treatment effect for rice grain yield, %HR, and 
%TR (Table 13). Additionally, there was a significant location effect on %HR in all years. Rice 
grain yield variance was affected by both block within location within site-year and by residual 
variance in all years, while %HR and %TR were affected only by the residual variance 
component (Table 14).  
 In 2018 and 2019, rice grain yield was maximized by the 42/42/84/0 kg N ha-1 split, 
42/42/42/42 kg N ha-1 split, and the 84/0/84/52 kg N ha-1 split and averaged 11,850; 12,008; and 
12,585 kg ha-1, respectively (Table 15). Meanwhile, %HR was maximized by the 84/0/84/52 kg 
N ha-1 split and the 235 kg N ha-1 single application while %TR was maximized by these two 
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treatments as well as the 42/42/42/42 kg N ha-1 split. The %HR was also affected by location 
within the field and was 3.5% greater at the bottom of the field compared to the top (Table 16).  
 
Table 13. Analysis of variance with associated p-values for the yield components of furrow-











  ----------------p-value---------------- 
2018 and 2019     
   Location 1 0.4292 0.0163* 0.3929 
   Treatment 8 <0.0001*** <0.0001*** 0.0016** 
   Location x Trt 8 0.0520 0.8010 0.7927 
2020     
   Location 1 0.1729 0.0344* 0.1569 
   Treatment 9 <0.0001*** <0.0001*** 0.0437* 
   Location x Trt 9 0.1694 0.2079 0.3558 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 




Table 14. Percentage makeup for the variance components of block within location (Loc) within 
site-year (SiteYr) and residual for the yield components of furrow-irrigated rice (FIR) nitrogen 
(N) management trials on clayey soils in northeastern Arkansas.  
Variance 
Component 
Grain Yield Head Rice Total Rice 
2018 and 2019 ------------------%------------------ 
   Block (Loc SiteYr) 14.8 0.0 0.0 
   Residual 85.2 100.0 100.0 
2020    
   Block (Loc SiteYr) 71.8 0.0 0.0 







Table 15. Mean rice grain yield, head rice (whole kernel) yield, and total rice yield by treatment, 
averaged across top and bottom locations, of furrow-irrigated rice (FIR) nitrogen (N) 









 kg N ha-1 kg ha-1 ----------%---------- 
1 Control 6,834 e d 52.4 e 71.3 d 
2 168/0/0/0 11,066 d 58.4 d 71.5 cd 
3 84/0/84/0 11,265 cd 59.1 cd 71.5 cd 
4 84/42/42/0 11,482 bcd 58.4 d 71.4 d 
5 42/42/84/0 11,850 abc 59.2 cd 71.6 bcd 
6 42/42/42/42 12,008 ab 60.1 bc 71.9 a 
7 84/0/84/52 12,585 a 62.1 a 71.8 ab 
8 52/52/52/0 11,295 bcd 58.0 d 71.4 d 
9 235/0/0/0 11,778 bc 60.8 ab 71.8 abc 
a Treatment structure refers to weekly nitrogen (N) 
application rates. The first number corresponds to 
the pre-irrigation timing followed by the three 
subsequent weeks. 
b Whole kernel percentage of rice grain yield 
c Total white rice percentage of rice grain yield 
d Means followed by the same letter within a column 




Table 16. Mean head rice (whole kernel) yield by location, averaged across treatments, of 
furrow-irrigated rice (FIR) nitrogen (N) management trials on clayey soils in northeastern 
Arkansas in 2018 and 2019.  
Location a Head Rice b 
 % 
Top 57.0 b c 
Bottom 60.5 a 
a Location within the 
field 
b Whole kernel 
percentage of rice grain 
yield 
c Means followed by the 
same letter within a 
column are not 
significantly different 




 In 2020, rice grain yield was again maximized by the 84/0/84/52 kg N ha-1 split, but was 
also maximized by the 235 kg N ha-1 single application (Table 17). These two N management 
programs were the only ones to average over 10,000 kg ha-1 rice grain yield in 2020. The lower 
yields in 2020 can likely be attributed to the lower TNU and low REn. The %HR in 2020 was 
maximized only by the 235 kg N ha-1 single application, but %TR was maximized by all N 
management regimes other than the 42/42/42/42 kg N ha-1 split. Just as in 2018 and 2019, %HR 
was also significantly greater at the bottom end of the field in 2020 (Table 18). The %HR 
averaged 8.1% greater at the bottom of the field compared to the top.  
 
Table 17. Mean rice grain yield, head rice (whole kernel) yield, and total rice yield by treatment, 
averaged across top and bottom locations, of furrow-irrigated rice (FIR) nitrogen (N) 






 Rice b 
Total 
 Rice c 
  kg ha-1 ----------%---------- 
1 Control 5,617 e d 48.8 d 70.9 ab 
2 168/0/0/0 9,325 bcd 51.8 bc 71.2 a 
3 84/0/84/0 9,889 bc 49.7 d 70.9 a 
4 84/42/42/0 9,542 bcd 50.1 cd 70.9 a 
5 42/42/84/0 8,868 cd 50.8 bcd 71.1 a 
6 42/42/42/42 9,532 bcd 49.0 d 70.5 b 
7 84/0/84/52 10,307 ab 52.2 b 70.9 a 
8 52/52/52/0 8,661 d 49.9 d 71.0 a 
9 235/0/0/0 11,169 a 54.6 a 71.0 a 
10 52/52/52/52 9,796 bc 50.6 bcd 70.9 a 
a Treatment structure refers to weekly nitrogen (N) 
application rates. The first number corresponds to the pre-
irrigation timing followed by the three subsequent weeks. 
b Whole kernel percentage of rice grain yield 
c Total white rice percentage of rice grain yield 
d Means followed by the same letter within a column are 





Table 18. Mean head rice (whole kernel) yield by location, averaged across treatments, of 
furrow-irrigated rice (FIR) nitrogen (N) management trials on clayey soils in northeastern 
Arkansas in 2020.  
Location a Head Rice b 
 % 
Top 46.7 b c 
Bottom 54.8 a 
a Location within the field 
b Whole kernel percentage of 
rice grain yield 
c Means followed by the 
same letter within a column 
are not significantly different 




 The study put forth in this paper is a very novel approach to determining the optimum N 
management regime for FIR grown on clayey soils in the Mid-South. Data from a true FIR 
system utilizing hybrid cultivars does not exist from the Mid-South. Trials were all performed in 
commercial fields with the producer performing all field activities other than N fertilization. 
Therefore, the data from these trials is a true real-world application and should translate directly 
into future commercial production recommendations. 
 Results are similar to what was outlined by Hefner and Tracy (1991), where a two- to 
three-way split application totaling 202 kg N ha-1 maximized yield on a Portageville clay with a 
pureline variety. The results from the current study are a significant revision to the suggestions 
provided by Hardke et al. (2017), where a spoon-feed approach is suggested for many situations. 
A three application spoon-feed approach was tested in all three years, while a four application 
spoon-feed approach was only tested in 2020, but neither could match the rice grain yield 
produced with the 84/0/84/52 kg N ha-1 split (Treatment 7). However, TNU results from the 
present study differ greatly from Beyrouty et al. (1994) and Belder et al. (2005). Beyrouty et al. 
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(1994) measured TNU at R4 of near 100-140 kg N ha-1 under CF management with a yield of 
6,800-7,300 kg ha-1 and 60 kg N ha-1 under aerobic management with a yield of 4,200-6,300 kg 
ha-1. Similarly, Belder et al. (2005) measured TNU at R3 of near 130 kg ha-1 under CF 
management and near 70-90 kg N ha-1 under aerobic management. Both studies showed 
significantly reduced TNU in the absence of a permanent flood following N application. In the 
current study, there was no significant location (top vs. bottom of the field) effect suggesting that 
the TNU patterns were similar across N treatments and that the water management was most 
similar to a furrow-irrigated system until after all N was applied. The CF conditions in the 
bottom portion of the field were not established until all N was applied at four of five site-years. 
Treatments in the present study which received N fertilization averaged 131.4-168.5 kg ha-1 
TNU in 2018 and 2019 and 92.9-135.9 kg ha-1 TNU in 2020.  
 The TNU of the current study was markedly lower than previous work with high-yielding 
hybrid cultivars (Norman et al., 2013). However, the TNU and N fertilizer metrics in the current 
study were completed using the difference method rather than the direct 15N isotope method and 
a lower seeding rate was utilized. The lower seeding rate, approximately 30 kg seed ha-1, in 
combination with the clayey soil texture resulted in a non-uniform plant stand at all site-years. 
Though care was taken to install the small plot configurations in the most uniform area of the 
field, plant stand and spacing uniformity among plants within a plot were difficult to achieve 
when scaled to the sample size of 1-m. Thus, gaps between rice plants in the majority of samples 
likely led to increased variability and lower TNU values than expected. The variability is also 
reflected in the residual variance for REn, which made up 89.7-97.7% of the total variance. For 
future studies involving TNU and hybrid rice, it may be important to increase seeding rate or 
transplant rice to ensure greater stand uniformity. 
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 Results suggest that there is a direct correlation between TNU at R3 and rice grain yield. 
In 2018 and 2019, the N management programs that produced the greatest rice grain yield also 
had the greatest TNU, with the only exception being that the excessive single application of 235 
kg N ha-1 also had the greatest TNU while not maximizing grain yield. It is possible that 
although a significant portion of the excessive single application was taken up by the plant, it 
could have translated more to early vegetative growth and less to grain yield. Additionally, the 
three N management programs that produced the greatest rice grain yield also had the 
numerically greatest REn. In 2020 the correlation is not quite as clear, as there were only two 
treatments that maximized rice grain yield and eight treatments that maximized TNU.  Hence, 
more work is needed to determine the effect of TNU on grain yield of FIR. Results still suggest 
that proper N management is a crucial component of FIR production in terms of grain and 
milling yield. It is also possible for excessive N applications to have a negative environmental 
impact, making REn a crucial component to FIR N management. Yield results from this study 
suggested that the 84/0/84/52 kg N ha-1 split is optimal, which led to a REn of 34.4 to 50.6% and 
an AEn of 22.5 to 27.1 kg kg-1.  While REn is lower compared to what is possible in a CF system 
(Wilson Jr., Wells, & Norman, 1989), it remains equivalent to the average of 42% REn for 
agriculture in developed countries (Raun & Johnson, 1999). 
Conclusions 
 Results from the five research sites in 2018, 2019, and 2020 on a clayey soil texture in 
northeastern Arkansas suggest that a three-way split has the potential to produce the highest 
grain yield where 84 kg N ha-1 is applied at V4-V5 stage prior to the first irrigation, followed by 
84 kg N ha-1 two weeks later, followed by an additional 52 kg N ha-1 one week after the second 
application (84/0/84/52 kg N ha-1; Treatment 7). The 84/0/84/52 kg N ha-1 split produced the 
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greatest rice grain yield at all five sites while using a total in-season rate of 220 kg N ha-1. Rice 
grain yield was also optimized in 2018 and 2019 by the 42/42/84/0 kg N ha-1 split (Treatment 5) 
and the 42/42/42/42 kg N ha-1 split (Treatment 6) and was optimized in 2020 with a single 
application of 235 kg N ha-1 at V5-V6 prior to the initial irrigation (Treatment 9). However, none 
of these additional treatments were able to maximize yield across all years. In 2018 and 2019, the 
235 kg N ha-1 single application, which maximized rice grain yield in 2020, averaged 807 kg ha-1 
less grain yield than the 84/0/84/52 kg N ha-1 split. In 2020, the 42/42/84/0 kg N ha-1 split and 
the 42/42/42/42 kg N ha-1 split, which both maximized rice grain yield in 2018 and 2019, 
averaged 1,439 and 775 kg ha-1 less grain yield in 2020 than the 84/0/84/52 kg N ha-1 split, 
respectively. Also, the 235 kg N ha-1 single application received a total in-season rate of 15 kg N 
ha-1 more than the 84/0/84/52 kg N ha-1 split, and applying one single application can come at a 
greater risk of N loss than splitting into three applications. For instance, if the soil is not able to 
dry down prior to N application or if the soil is allowed to dry too much after the N application 
and then irrigated again, significant N loss pathways are opened including ammonia 
volatilization and nitrification-denitrification, respectively. If fertilizer-N is to be applied 
aerially, splitting into three applications is unlikely to cost more to apply, as total weight applied 
generally dictates the cost of an aerial application as long as each application is at least 112 kg of 
product per hectare. 
 Rice is a unique crop in that grain yield is not the only major parameter to determine the 
value of a crop, but the milling yield (i.e. the head rice and total white rice) also plays a 
significant role. Under CF conditions, rice grain yield and milling yield are typically maximized 
by the same N rate (Bond, Walker, Ottis, & Harrell, 2008). In the present study, the 84/0/84/52 
kg N ha-1 split application maximized %TR in all years and maximized %HR in 2018 and 2019. 
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The 2020 results showed that the 84/0/84/52 kg N ha-1 split application was second in 
maximizing %HR and was 2.4% lower than the 235 kg N ha-1 single application. Thus, milling 
yield results also suggest that the 84/0/84/52 kg N ha-1 split application is an excellent option for 
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AEn – Agronomic efficiency of nitrogen; CF – Conventional flood; FIR – Furrow-irrigated rice; 
IRRI – International Rice Research Institute; NBPT – n-butyl-thiophosphoric triamide ; N-STaR 
– Nitrogen Soil Test for Rice; REn – Recovery efficiency of nitrogen; SPF – Single preflood; 





Multiple N management programs maximized grain yield of FIR on silt loam soils 
Maximizing yield in FIR did not require excessive N rates 
Maximizing head rice yield may require a higher total N rate 




 Rice is typically produced under flooded conditions, but upwards of 90,000 hectares of 
furrow-irrigated rice (FIR) were produced in Arkansas in 2020. Nitrogen (N) management will 
inherently vary under FIR production due to greater N loss potential, especially via nitrification-
denitrification stimulated by wetting and drying cycles of the soil. A series of trials were 
conducted from 2018 to 2020 to determine the optimum N management program for FIR grown 
on a silt loam textured soil. Eight sites were utilized for small-plot research in a split-plot design, 
with whole-plot factor being location within the field (top vs. bottom of the field) and split-plot 
factor being N management regime. Nine N management regimes were tested in 2018 and 2019 
and ten were tested in 2020, ranging from a single application to four-way split applications 
along with several rate structures. Multiple N management programs have the potential to 
maximize rice grain yield in FIR on silt loam soils, including a four-way split of the 
recommended N rate under flooded production, three weekly applications of 52 kg N ha-1, and 
several options with a greater total N rate. Total nitrogen uptake (TNU) was also maximized by 
these treatments, with a resulting recovery efficiency of N (REn) ranging from 53.6 to 76.2% and 
agronomic efficiency of N (AEn) ranging from 8.3 to 29.3 kg kg-1. Results of this research will 
allow FIR producers across the Mid-South to optimize their N management program, potentially 




 Furrow-irrigated rice (Oryza sativa L.) (FIR or row rice) has become an increasingly 
important production practice across Arkansas and the Mid-South. The concept of FIR 
production is nothing new to some producers in Arkansas, but widespread success has eluded 
them due to several factors including disease pressure and lack of drought tolerant cultivars. 
Furrow irrigation accounted for only 0.9% of rice hectares in 2015, but increased to 3.5% in 
2017, 7.7% in 2018, and 10.5% in 2019 (Hardke, 2018; Hardke, 2020). Projections suggest that 
FIR hectares topped 90,000 in 2020, which would represent over 15% of Arkansas rice 
hectarage. The idea of converting conventional flood (CF) production to FIR is attractive to 
producers because it can significantly reduce the amount of labor and number of field 
preparation passes required. Rotation between rice and other row crops, mainly soybean (Glycine 
max), which are typically furrow-irrigated on raised beds requires a significant amount of land 
preparation. Planting FIR no-till or with minimal tillage behind soybean has the potential to 
eliminate up to five tillage and field preparation passes across the field in addition to the passes 
required to build and then flatten levees for CF water control. Additionally, FIR has the potential 
to save water compared to a CF rice system (Anders, Watkins, Nalley, Siebenmorgen, & Brye, 
2012; Chlapecka, Hardke, Roberts, Mann, & Ablao, 2021; He, 2010; Vories, Counce, & 
Keisling, 2002). Due to the recent positive flux in hectares of FIR, little research exists on 
management practices of the system, especially nitrogen (N) fertilizer management.  
 Previous studies of FIR have noted a significant yield decrease compared to CF rice 
production. Anders et al. (2012), He (2010), and Vories et al. (2002) reported a rice grain yield 
decrease of 16 to 36% in FIR production. However, the majority of the previous FIR studies 
have utilized intermittent wetting and drying as opposed to a true FIR system, did not utilize end-
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blocking (where a flood is allowed to back up into the lower portion of a FIR field), and some 
did not involve hybrid rice cultivars. Anecdotal reports as well as recent studies have proven 
commercial FIR production can be successful when utilizing hybrid cultivars (Chlapecka et al., 
2021).  
 Nitrogen management of hybrid cultivars under a CF system typically involves a single 
preflood (SPF) application which can be followed by a much smaller late-boot application 
(Roberts, Slaton, Wilson, Jr., & Norman, 2018). However, it is assumed that more N loss will 
occur in FIR production due to increased nitrification-denitrification potential when the rice is 
subjected to wetting and drying cycles provided by furrow irrigation. Therefore, the N 
recommendation for FIR in Arkansas has been to use a “spoon-feed” approach consisting of four 
to five weekly applications of 52 kg N ha-1 in areas where water cannot be held (Hardke et al., 
2017). Hefner and Tracy (1991) suggested a two or three-way application totaling 202 kg N ha-1 
on a Portageville clay with the pureline variety ‘Lemont’ to maximize yield. Maximum yield of 
aerobic rice at the International Rice Research Institute (IRRI) was achieved on a silt loam soil 
with a three to four-way split of 120 to 150 kg N ha-1, but this was a very low yielding 
environment (Lampayan et al., 2010). Studies have suggested that decreased yield in an aerobic 
environment could be contributed to decreased N uptake. Tissue N concentration was not 
affected by water management in Arkansas (Beyrouty, Grigg, Norman, & Wells, 1995), but the 
total N uptake (TNU) by booting was decreased by 32 to 43% under aerobic conditions. 
Similarly, Belder, Bouman, Spiertz, Peng, Castaneda, & Visperas (2005) documented TNU 
under aerobic conditions as 65% that of flooded conditions. It is imperative that the proper N 
management of FIR in the Mid-South be defined. Thus, a three-year study was initiated in 
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eastern Arkansas in 2018 and continued through 2020 to determine the optimum N management 
program for FIR grown on a silt loam soil texture in the Mid-South.  
Materials and Methods 
   The N management study was conducted in 2018, 2019, and 2020 in five commercial, 
producer-managed FIR fields and three University of Arkansas System Division of Agriculture 
research station sites located across eastern Arkansas. In 2018, the Stuttgart-18 site was mapped 
primarily as a Dewitt silt loam (Fine, smectitic, thermic Typic Albaqualfs) with 0 to 1 percent 
slopes and the Lodge Corner site was mapped primarily as a Stuttgart silt loam (Fine, smectitic, 
thermic Albaquultic Hapludalfs) with 1 to 3 percent slopes (Soil Survey Staff, 2020). In 2019, 
the Almyra and Rice Research and Extension Center (RREC) -19 sites were mapped primarily as 
a Dewitt silt loam with 0 to 1 percent slopes and the Pine Tree Research Station (PTRS) site was 
mapped as a Calhoun silt loam (Fine-silty, mixed, active, thermic Typic Glossaqualfs) with 0 to 
1 percent slopes. In 2020, the Newport site was mapped primarily as an Amagon and Forestdale 
silt loam (Fine-silty, mixed, active, thermic Typic Endoaqualfs and Fine, smectitic, thermic 
Typic Endoaqualfs), the Stuttgart-20 site was mapped primarily as a Stuttgart silt loam with 1 to 
3 percent slopes, and the RREC-20 site was mapped as a Dewitt silt loam with 0 to 1 percent 
slopes.  
  All commercial fields were managed by cooperating producers, while research station 
sites were managed by station personnel. Production practices strictly followed the University of 
Arkansas System Division of Agriculture’s Cooperative Extension Service guidelines for 
maximal rice production (Hardke, 2018) in all aspects other than N rate and timing – which were 
managed and dictated by research protocol described below. The previous crop was soybean 
(Glycine max) all years. Key agronomic dates for each trial location are outlined in Table 1.
 
 
Table 1. Cultivar, planting date, date of R3 sample collection (sample date), harvest date, N-STaR recommended N rate, and weekly 
























      kg N ha-1     
2018 Stuttgart-18 RT 7311CL 5 May 24 July 19 Sept 113 30 May 8 June 15 June 22 June 
 Lodge Corner RT XP753 3 May 25 July 8 Oct 104 4 June 12 June 20 June 28 June 
2019 Almyra RT XP753 29 April 25 July 13 Sept 112 28 May 5 June 12 June 19 June 
 PTRS RT XP753 16 May 13 Aug 19 Sept 168 21 June 1 July 9 July 17 July 
 RREC-19 RT XP753 18 May 14 Aug 2 Oct 140 19 June 27 June 3 July 10 July 
2020 Newport RT XP753 16 April 28 July 16 Sept 84 2 June 8 June 16 June 25 June 
 Stuttgart-20 RT 7521FP 5 May 3 Aug 30 Sept 157 18 June 25 June 2 July 9 July 








At six of eight sites, the whole-plot factor was location in the field (top one-third of the field and 
bottom one-third of the field) and the split-plot factor was N regime. Space did not allow for top 
and bottom separation at two sites, Lodge Corner and RREC-19, therefore six and five 
replications were placed in the middle of the field, respectively. These two sites were analyzed 
together but separate from all other sites. Additionally, the three 2018 and 2019 sites with both a 
top and bottom location were analyzed separately from the three 2020 sites with both a top and 
bottom location due to an additional treatment in 2020. Nine N management regimes were tested 
in 2018 and 2019 and ten in 2020. Plots were 2.3 m (three furrows) wide and 5.2 m long in all 
years. Treatment 1 was an untreated control while Treatments 2-7 were based upon percentages 
of the recommended SPF N rate. Treatment 2 was 100% of the SPF recommendation applied 
pre-irrigation and Treatment 3 was a two-way split where 50% of the SPF rate was applied pre-
irrigation and the other 50% applied two weeks later. Treatment 4 was a three-way split with 
50% of the SPF applied pre-irrigation and 25% applied in each of the two subsequent weeks, 
while Treatment 5 was a three-way split with 25% of the SPF applied at both pre-irrigation and 
the following week, with the remaining 50% applied in the third week. Treatment 6 was a four-
way split with 25% of the SPF rate applied at pre-irrigation and 25% applied each of the three 
subsequent weeks. Treatment 7 was a three-way split with 50% of the SPF applied pre-irrigation, 
50% applied two weeks later, and an additional 52 kg N ha-1 applied one week after the second 
application. Treatment 8 consisted of three weekly applications of 52 kg N ha-1 initiated at pre-
irrigation and Treatment 9 was an excessive single pre-irrigation application approximately 50% 
greater than the recommended SPF rate. Treatment 10 was added in 2020 and was a mirror of 
Treatment 8 with an additional fourth application of 52 kg N ha-1 one week after the third 
application. The rate structure for three sites is located in Table 2, while the season total N rates 
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varied across sites due to N-STaR recommendation (Roberts, Ross, Norman, Slaton, and Wilson, 
2011). 
  The initial N application was made at V5 to V6 stage and irrigation was applied or 
significant rainfall received within two days of application to incorporate the N fertilizer. The 
overall base N rate was determined by Nitrogen Soil Test for Rice (N-STaR) season total N rate 
recommendations (Roberts et al., 2011). The University of Arkansas System Division of 
Agriculture guideline for the recommended SPF rate for the cultivar being grown following 
soybean, 135 kg N ha-1, was used at the Stuttgart-18, Lodge Corner, and Stuttgart-20 sites due to 
a lack of time to gather N-STaR samples prior to fertilization (Roberts et al., 2018). This resulted 
in N rates that were 22 kg N ha-1 more, 31 kg N ha-1 more, and 22 kg N ha-1 less than the N-
STaR recommendation for the Stuttgart-18, Lodge Corner, and Stuttgart-20 sites, respectively.  
All N fertilization was broadcast by hand using urea (460 g N kg-1) plus the urease inhibitor n-
butyl-thiophosphoric triamide (NBPT) as N-Veil (3.38 g kg-1; Invictis Crop Care, LLC), dates 
are listed in Table 1. 
Table 2. Treatment structure for furrow-irrigated rice (FIR) N management trials located on silt 













 kg ha-1 --------------kg N ha-1-------------- 
Control 0 - - - - 
100%-0-0-0 135 135 - - - 
50%-0-50%-0 135 68 - 67 - 
50%-25%-25%-0 135 68 34 33 - 
25%-25%-50%-0 135 34 33 68 - 
25%-25%-25%-25% 135 34 34 34 33 
50%-0-50%-52 kg 187 68 - 67 52 
52 kg-52 kg-52 kg-0 156 52 52 52 - 
150%-0-0-0 202 202 - - - 
52 kg-52 kg-52 kg-52 kg a 208 52 52 52 52 





  Plant canopy height at R9 (Counce, Keisling, & Mitchell, 2000) and date of R3 (50% 
heading) were measured for all plots. Canopy height was measured utilizing a corrugated plastic 
plate with the ability to slide up or down on a polyvinyl chloride pipe to the top of the plant 
canopy. All height sampling was performed between furrows on a non-harvest row. Lodging was 
only recorded at the Stuttgart-20 site and ranged from 10-51% depending upon location in the 
field and N treatment; however, this data is not included because lodging only occurred at one 
site and did not appear to affect harvest efficiency. Normalized difference vegetative index 
(NDVI) was also measured using a GreenSeeker handheld crop sensor (Trimble, Inc., Sunnyvale, 
CA) held approximately 60 cm above the rice canopy at R1, resulting in approximately five 
NDVI readings which were averaged by the GreenSeeker unit for each plot. 
Nitrogen Analysis 
  Whole plant samples were collected at R3 (50% heading) to analyze TNU of each plot, as 
maximum N uptake occurs at approximately the R3 growth stage (Norman et al., 2003). Samples 
included all above-ground plant biomass from 1-m of an interior non-harvest row on the shoulder 
of a bed from each plot. Samples were dried at 60°C to constant weight, weighed, and ground to 
pass a 1-mm sieve in a Wiley mill (Thomas Scientific, Swedesboro, NJ). The Agricultural 
Diagnostic Laboratory in Fayetteville, AR analyzed the N concentration of all above-ground 
biomass. This was done with the combustion method (elementar rapid N III, Elementar 
Analysensysteme GmbH, Langenselbold, Germany) (Campbell, 1992). The TNU of the above-
ground biomass was calculated as follows: 
 𝑇𝑁𝑈 = 𝑁(𝐵)         [1] 
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where N is N concentration and B is the mass of the above-ground biomass. Additionally, 
recovery efficiency of N (REn) was determined by the difference method: 
  𝑅𝐸𝑛 =  
𝑇𝑁𝑈𝑁𝐵𝐿−𝑇𝑁𝑈0𝐿
𝑇𝑜𝑡𝑎𝑙 𝑁 𝑅𝑎𝑡𝑒
         [2] 
where TNUNBL at a particular site is the TNU of each N treatment (N) within a block (B) within a 
location in the field (L) and TNU0L is the average TNU for the control within the same location 
in the field (L) (i.e. TNU from block 1 at the top of the Almyra site compared to the average 
TNU of the untreated check at the top of the Almyra site). Similarly, agronomic efficiency of N 
(AEn) was determined as follows: 
 𝐴𝐸𝑛 =  
𝐺𝑌𝑁𝐵𝐿− 𝐺𝑌0𝐿
𝑇𝑜𝑡𝑎𝑙 𝑁 𝑅𝑎𝑡𝑒
         [3] 
where GYNBL at a particular site is the grain yield of each N treatment (N) within a block (B) 
within a location in the field (L) and GY0L is the average grain yield for the control within the 
same location in the field (L).  
Yield and Harvest Components 
 Yield was recorded using a Wintersteiger (Wintersteiger, Inc., Innkreis, Upper Austria) 
plot combine with 76 cm harvest width. Grain yield was adjusted to 120 g H2O g
-1 moisture. A 
100 g representative sample of grain from each plot was later milled with a PAZ-1 laboratory 
rice mill (Zaccaria USA, Anna, TX) to obtain percent head rice milling yield (%HR, whole 
kernels) and percent total white rice milling yield (%TR) for each plot.   
Statistical Analyses 
 All plant monitoring and yield data were analyzed using the PROC GLIMMIX procedure 
in SAS v 9.4 (SAS Institute, Cary, NC). Heading date, canopy height, NDVI, TNU, REn, AEn, 
rice grain yield, %HR, and %TR were analyzed with four replications per location within the 
field per site-year for the sites with a top and bottom location. The model for all variables 
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included treatment, location within the field, and their interaction as fixed effects while block 
within location of the field within site-year was considered as a random effect. For the sites 
where there was only one location, all dependent variables were analyzed with six replications at 
the Lodge Corner site and five replications at the RREC-20 site. The model for all variables 
included treatment as a fixed effect and block within site-year as a random effect. Rice grain 
yield, heading date, canopy height, TNU, and AEn were assumed to have a gamma distribution 
while NDVI, REn, %HR, and %TR were assumed to have a beta distribution. Data points were 
analyzed within each site for outliers, and points with the absolute value of their studentized 
residual greater than 2.5 were considered for removal from the data set based upon subject matter 
consideration. All means separation was done using a protected LSD at the 5% level of 
significance. 
Results 
Agronomic Characteristics  
 At the 2018 and 2019 sites with both a top and bottom location, there was a significant 
location by treatment interaction for heading date, canopy height, and NDVI (Table 3). Block 
within location within site year accounted for the majority of the variance of heading date and 
canopy height, while residual accounted for majority of the variance related to NDVI (Table 4). 
Heading date was between 28 July and 1 August for all N management programs (Table 5). 
Mean canopy height was greater at the bottom of the field than at the top of the field for all N 
management programs other than the 50%-0-50%-52 kg split and the control, which were not 
significantly different between top and bottom. The lack of significant difference between top 
and bottom of the field with a 50%-0-50%-52 kg split suggests that this may be the optimum N 
management program if the goal is to sync the top and bottom of the field as closely as possible.  
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Table 3. Analysis of variance with associated p-values for the agronomic characteristics of 
furrow-irrigated rice (FIR) N management trials on silt loam soils in Arkansas. 
 









2018/19 Top & Bottom     
   Location 1 0.8197 0.0275* 0.1084 
   Treatment 8 <0.0001*** <0.0001*** <0.0001*** 
   Location x Trt 8 0.0425* 0.0135* <0.0001*** 
2020 Top & Bottom     
   Location 1 0.7434 0.0020** 0.9520 
   Treatment 9 <0.0001*** <0.0001*** <0.0001*** 
   Location x Trt 9 0.9847 0.9202 0.0334* 
Middle Only     
   Treatment 8 <0.0001*** <0.0001*** <0.0001*** 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
a Normalized difference vegetative index 
 
Table 4. Variance components including block within location (Loc) within site-year (SiteYr) 
and residual for the agronomic characteristics of furrow-irrigated rice (FIR) N management trials 









2018/19 Top & 
Bottom 
------------------%------------------ 
   Block (Loc SiteYr) 98.2 85.1 0.0 
   Residual 1.8 14.9 100.0 
2020 Top & Bottom    
   Block (Loc SiteYr) 98.6 85.2 0.0 
   Residual 1.4 14.8 100.0 
Middle Only    
   Block (SiteYr) 98.8 89.0 0.0 
   Residual 1.2 11.0 100.0 
a Normalized difference vegetative index 
 
Synchronization, or uniformity, of growth and maturity across the field is desirable because 
many management decisions are sensitive to growth stage, including herbicides, fungicides, 
insecticides, and timely harvest. The NDVI of all N fertilized treatments did not differ between 
top and bottom of the field, but all N fertilized treatments had a greater NDVI at R1 than those 
receiving no supplemental N. Beyond this, the NDVI of the control at the top of the field was  
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Table 5. Mean heading date, canopy height, and normalized difference vegetative index (NDVI) 
by location and treatment of furrow-irrigated rice (FIR) N management trials in 2018 and 2019 











   cm  
Top Control 28 July a ef 73.8 g 0.702 c 
 100%-0-0-0 30 July a 78.1 ef 0.754 ab 
 50%-0-50%-0 30 July a 77.8 ef 0.773 ab 
 50%-25%-25%-0 31 July a 76.9 fg 0.776 ab 
 25%-25%-50%-0 30 July a 79.9 cdef 0.755 ab 
 25%-25%-25%-25% 31 July a 79.4 def 0.768 ab 
 50%-0-50%-52 kg 1 Aug a 80.5 bcde 0.770 ab 
 52 kg-52 kg-52 kg-0 31 July a 77.8 ef 0.772 ab 
 150%-0-0-0 1 Aug a 78.5 ef 0.763 ab 
Bottom Control 26 July a 77.0 efg 0.512 d 
 100%-0-0-0 29 July a 89.2 abcd 0.744 bc 
 50%-0-50%-0 30 July a 90.2 ab 0.763 ab 
 50%-25%-25%-0 30 July a 90.5 ab 0.750 abc 
 25%-25%-50%-0 30 July a 90.8 a 0.757 ab 
 25%-25%-25%-25% 30 July a 89.6 abc 0.741 bc 
 50%-0-50%-52 kg 31 July a 90.5 ab 0.764 ab 
 52 kg-52 kg-52 kg-0 30 July a 89.9 abc 0.779 a 
 150%-0-0-0 31 July a 91.3 a 0.757 ab 
a Location within the field 
b Treatment structure refers to weekly nitrogen (N) application rates as either a 
percentage of the recommended single preflood rate or in terms of kg N ha-1 (kg). The 
first number corresponds to the pre-irrigation timing followed by the three subsequent 
weeks. 
c Height of the rice canopy at maturity (R9) 
d Normalized difference vegetative index 
e Means followed by the same letter within a column are not significantly different 
using a protected LSD at α=0.05. 
f The following additional pairs are significantly different: (Top 150%-0-0-0, Top 
25%-25%-25%-25%), (Top 150%-0-0-0, Top 50%-25%-25%-0), (Top 150%-0-0-0, 
Top 25%-25%-50%-0), (Top 150%-0-0-0, Top 50%-0-50%-0), (Top 150%-0-0-0, Top 
100%-0-0-0), (Top 150%-0-0-0, Top Control), (Top 50%-0-50%-52 kg, Top 25%-
25%-25%-25%), (Top 50%-0-50%-52 kg, Top 50%-25%-25%-0), (Top 50%-0-50%-
52 kg, Top 25%-25%-50%-0), (Top 50%-0-50%-52 kg, Top 50%-0-50%-0), (Top 
50%-0-50%-52 kg, Top 100%-0-0-0), (Top 50%-0-50%-52 kg, Top Control), (Top 52 
kg-52 kg-52 kg-0, Top 25%-25%-50%-0), (Top 52 kg-52 kg-52 kg-0, Top 50%-0-
50%-0), (Top 52 kg-52 kg-52 kg-0, Top 100%-0-0-0), (Top 52 kg-52 kg-52 kg-0, Top 
Control), (Bottom 150%-0-0-0, Bottom 25%-25%-25%-25%), (Bottom 150%-0-0-0, 
Bottom 100%-0-0-0), (Bottom 150%-0-0-0, Bottom Control), (Bottom 50%-0-50%-52 
kg, Bottom 100%-0-0-0), (Bottom 50%-0-50%-52 kg, Bottom Control), (Top 25%-
25%-25%-25%, Top 100%-0-0-0), (Top 25%-25%-25%-25%, Top Control) 
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significantly greater than the control at the bottom of the field and was equivalent to three of the 
treatments receiving supplemental N at the bottom of the field. Higher NDVI values in the top 
portion of the field suggest there was greater native N availability (due to increased 
mineralization in aerobic environment) and subsequent N uptake at the top of the field. Previous 
research conducted in flooded rice production supports these results, where soil N uptake was 
increased as flood establishment was delayed (Richmond, Slaton, Hardke, Roberts, & Norman, 
2018). The top of a FIR field is inherently drier than the bottom portion and may lead to more N 
mineralization at the top of the field, as the bottom of the field was either flooded or saturated for 
a substantial amount of time after the first N application. Alternate cycles of aerobic and 
anaerobic conditions at the bottom of the field may also lead to increased N loss via nitrification-
denitrification cycles. 
 At the 2020 sites where a top and bottom location were tested, there was a significant 
location by treatment interaction for NDVI, an N treatment main effect for heading date and 
canopy height, and a significant location main effect for canopy height (Table 3). Block within 
location within site year made up the majority of the variance for heading date and canopy 
height, while residual variance accounted for most of variance in regards to NDVI (Table 4). The 
NDVI of all N fertilized treatments was equivalent across N treatments and location within the 
field, 0.777-0.808, but the NDVI was significantly less for the untreated control. The NDVI of 
the untreated control was significantly lower at the bottom of the field, 0.643, compared to the 
top, 0.693. Results are similar with 2018 and 2019 NDVI. Heading date was latest for the four N 
management programs with a greater season total N rate (Table 6), which was expected because 
excessive N has the potential to delay maturity (Harrell, Tubana, Lofton, & Kanke, 2011). 
However, all N fertilized treatments headed within 1 d of each other. Canopy height was also 
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greatest under treatments that received a greater season total N rate, averaging between 83.0 and 
85.2 cm. Canopy height averaged 89.0 cm at the bottom of the field, which was 13.8 cm greater 
than at the top. This is in agreement with the results from 2018 and 2019, with the exception of 
the untreated control and the 50%-0-50%-52 kg N management strategy, which did not 
significantly differ between top and bottom of the field in 2018 and 2019.  
Table 6. Mean heading date and canopy height by treatment, averaged across both top and 








  cm 
Control 6 Aug e c 72.1 e 
100%-0-0-0 9 Aug d 80.7 d 
50%-0-50%-0 9 Aug cd 82.6 bcd 
50%-25%-25%-0 9 Aug bc 81.4 d 
25%-25%-50%-0 9 Aug bc 82.3 cd 
25%-25%-25%-25% 9 Aug cd 82.4 bcd 
50%-0-50%-52 kg 9 Aug bc 84.6 abc 
52 kg-52 kg-52 kg-0 9 Aug abc 83.0 abcd 
150%-0-0-0 10 Aug ab 84.6 ab 
52 kg-52 kg-52 kg-52 kg 10 Aug a 85.2 a 
a Treatment structure refers to weekly nitrogen (N) 
application rates as either a percentage of the 
recommended single preflood rate or in terms of kg 
N ha-1 (kg). The first number corresponds to the pre-
irrigation timing followed by the three subsequent 
weeks. 
b Height of the rice canopy at maturity (R9) 
c Means followed by the same letter within a column 
are not significantly different using a protected LSD 
at α=0.05. 
 
 Averaged over the two 2018 and 2019 silt loam sites where only a middle location was 
tested, there was a significant treatment main effect for heading date, canopy height, and NDVI 
(Table 3). The variance for heading date and canopy height was mostly affected by block within 
site year, while the variance of NDVI consisted mainly of residual variance (Table 4). Heading 
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date varied by 1 d across all N fertilized treatments, while canopy height also did not vary greatly 
across N fertilized treatments and averaged 85.6 to 90.2 cm (Table 7). No N fertilized treatments 
varied significantly in regards to NDVI, all treatments averaged from 0.721 to 0.749. The 
untreated control had a significantly earlier heading date, lower canopy height, and lower NDVI 
than all treatments receiving N fertilizer, which were expected outcomes (Norman, Wilson Jr, & 
Slaton, 2013).  
Table 7. Mean heading date, canopy height, and normalized difference vegetative index (NDVI) 
by treatment of furrow-irrigated rice (FIR) N management trials in 2018 and 2019 on silt loam 









  cm  
Control 29 July c d 78.3 c 0.545 b 
100%-0-0-0 2 Aug ab 88.6 ab 0.722 a 
50%-0-50%-0 2 Aug ab 87.0 ab 0.721 a 
50%-25%-25%-0 3 Aug a 85.6 b 0.726 a 
25%-25%-50%-0 2 Aug ab 85.8 b 0.736 a 
25%-25%-25%-25% 2 Aug b 85.6 b 0.736 a 
50%-0-50%-52 kg 3 Aug a 86.6 b 0.723 a 
52 kg-52 kg-52 kg-0 2 Aug ab 85.8 b 0.734 a 
150%-0-0-0 3 Aug a 90.2 a 0.749 a 
a Treatment structure refers to weekly N application rates 
as either a percentage of the recommended single 
preflood rate or in terms of kg N ha-1 (kg). The first 
number corresponds to the pre-irrigation timing followed 
by the three subsequent weeks. 
b Height of the rice canopy at maturity (R9) 
c Normalized difference vegetative index 
d Means followed by the same letter within a column are 
not significantly different using a protected LSD at 
α=0.05. 
 
Above-ground Nitrogen Uptake and Efficiency Metrics 
 At the 2018 and 2019 silt loam sites, there was a significant N treatment main effect on 
TNU and a significant location main effect on AEn (Table 8). The variances of all three N 
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analyses were made up mainly of residual variance (Table 9). All N fertilized treatments had 
significantly greater TNU than the untreated control (Table 10). Total N uptake at R3 was  
Table 8. Analysis of variance with associated p-values for total nitrogen uptake (TNU), recovery 
efficiency of N (REn), and agronomic efficiency of N (AEn) of furrow-irrigated rice (FIR) N 
management trials on silt loam soils in Arkansas. 
 











2018/19 Top & Bottom      
   Location 1 0.3462 0.3301 1 <0.0001*** 
   Treatment 8 <0.0001*** 0.8514 7 0.1562 
   Location x Trt 8 0.2539 0.6225 7 0.3676 
2020 Top & Bottom      
   Location 1 0.2517 0.7041 1 0.2927 
   Treatment 9 <0.0001*** 0.7463 8 0.2111 
   Location x Trt 9 0.3258 0.7856 8 0.1463 
Middle Only      
   Treatment 8 <0.0001*** 0.5333 7 0.0111* 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
 
Table 9. Variance components including block within location (Loc) within site-year (SiteYr) 
and residual for the total nitrogen uptake (TNU), recovery efficiency of N (REn), and agronomic 
efficiency of N (AEn) of furrow-irrigated rice (FIR) N management trials on silt loam soils in 
Arkansas. 
Variance Component TNU REn AEn 
2018/19 Top & Bottom ----------------%---------------- 
   Block (Loc SiteYr) 35.2 12.1 27.5 
   Residual 64.8 87.9 72.5 
2020 Top & Bottom    
   Block (Loc SiteYr) 45.7 6.7 60.4 
   Residual 54.3 93.3 39.6 
Middle Only    
   Block (SiteYr) 38.5 17.2 54.6 
   Residual 61.5 82.8 45.4 
 
greatest when a 50%-25%-25%-0 split, 25%-25%-25%-25% split, 50%-0-50%-52 kg split, or 
150% single pre-irrigation application was applied. Three weekly applications of 52 kg N ha-1 
resulted in a TNU of 202.2 kg N ha-1, which was not significantly different from all of the N 
fertilized treatments that received a lower season total N rate. The REn and AEn were not 
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significantly affected by treatment. Recovery efficiency of N, when averaged across top and 
bottom, was 53.6 to 67.0%. Agronomic efficiency of N was much greater at the bottom of the 
field, 20.2 kg kg-1, than the top of the field, 4.8 kg kg-1. For every kg of N, grain yield increased 
by 20.2 kg at the bottom of the field, while an increase of only 4.8 kg kg-1 was recorded at the top 
of the field. The AEn discrepancy between top and bottom of the field, without a difference in 
TNU, suggests that TNU is not the most limiting factor to FIR production. One factor that may 
be limiting at the top of a FIR field is soil moisture, as the soil matric potential routinely 
measured less than -100 kPa (unpublished data). Cold-water effect is also known to limit rice 
yield potential (Roel, Mutters, Eckert, & Plant, 2005). However, exposure time and visual 
observation did not suggest cold-water damage.  
Table 10. Total nitrogen uptake (TNU) by treatment, averaged across all tested locations within 
the field, of furrow-irrigated rice (FIR) N management trials from 2018/19 and 2020 where a top 









 ---------------kg ha-1--------------- 
Control 115.7 e b 91.6 e 80.8 d 
100%-0-0-0 183.2 d 168.3 d 177.3 bc 
50%-0-50%-0 210.5 bcd 183.2 cd 158.8 c 
50%-25%-25%-0 219.0 abc 176.2 d 166.2 bc 
25%-25%-50%-0 210.5 bcd 191.0 bcd 167.8 bc 
25%-25%-25%-25% 225.7 abc 182.4 cd 165.0 bc 
50%-0-50%-52 kg 244.2 ab 213.9 ab 200.1 ab 
52 kg-52 kg-52 kg-0 202.2 cd 205.9 abc 201.4 ab 
150%-0-0-0 250.7 a 225.3 a 227.3 a 
52 kg-52 kg-52 kg-52 kg - 229.6 a - 
a Treatment structure refers to weekly N application rates as either a 
percentage of the recommended single preflood rate or in terms of 
kg N ha-1 (kg). The first number corresponds to the pre-irrigation 
timing followed by the three subsequent weeks. 
b Means followed by the same letter within a column are not 
significantly different using a protected LSD at α=0.05. 
 
 For the 2020 silt loam sites where both a top and bottom location were tested, there was 
only a significant treatment main effect for TNU (Table 8). Variance of TNU and AEn was made 
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up of both block within location within site year and residual variance, while the variance of REn 
was made up of majority residual variance (Table 9). The TNU at R3 was greatest for all four 
treatments where a greater N rate was applied (Table 10). Over 205 kg N ha-1 was taken up by 
each treatment that received a season total N rate in excess of the SPF recommendation. 
Additionally, all treatments receiving the SPF recommended rate did not differ in TNU, 
regardless of split applications. These results differ from the 2018 and 2019 silt loam sites in that 
the 100% single pre-irrigation application resulted in an equivalent amount of TNU to every 
other treatment with the same season total N rate in 2020. Also, the 52 kg-52 kg-52 kg-0 
treatment resulted in the greatest TNU, while this was not the case for the 2018 and 2019 sites 
with both a top and bottom location. Recovery efficiency of N and AEn did not differ 
significantly by treatment or location and averaged 56.8-67.2% and 15.0-25.5 kg kg-1, 
respectively.  
 At the two sites where only a middle location was tested, there was a treatment main 
effect for TNU and AEn (Table 8). The variance of TNU and REn was most affected by residual 
variance, while the variance within AEn was most affected by block within site year (Table 9). 
Total N uptake was significantly greater when fertilizer-N was applied, but there were few 
differences across treatments (Table 10). The TNU was greatest among the three treatments 
which received a greater season total N rate. Among all of the N management strategies that 
were based on the SPF recommendation, there was no difference in TNU. The 150% single pre-
irrigation application and the 50%-0-50%-52 kg split maximized TNU in all site groupings; 
however, a portion of the TNU may be considered luxury consumption. While these two 
treatments also produced maximum rice grain yield and %HR across all three site groupings, the 
other two top treatments in terms of rice grain yield (25%-25%-25%-25% split and 52 kg-52 kg-
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52 kg-0 split) had the greatest TNU at only one and two of the three site groupings, respectively. 
This suggests that while TNU can be a good indicator of grain yield and milling yield potential 
in FIR grown on silt loam soils, there may be a certain ceiling which, if surpassed, may not 
necessarily further increase grain yield. Another interesting aspect of TNU from this study is that 
there was no significant difference between the top and bottom of the field within any of the site 
groupings, which is consistent with what was seen on clay soils but contrary to Beyrouty et al. 
(1994) and Belder et al. (2005). Thus, it appears feasible to treat the entirety of a FIR production 
field with the same N management program. 
 The REn was not significantly affected by treatment or location, but averaged between 
55.1 and 76.2% among treatments. The AEn was significantly less than all other N fertilized 
treatments when a 25%-25%-50%-0 split, 50%-0-50%-52 kg split, or 150% single pre-irrigation 
application was utilized (Table 11). Two of these three treatments received greater amounts of N 
that did not necessarily translate into greater yield. The 25%-25%-50%-0 split applies the 
majority of the N after irrigation has been initiated, which allows for greater N loss potential if N 
is applied onto moist or flooded soils (Wilson Jr, Wells, & Norman, 1989).  
 The lack of a significant location in the field effect for TNU and REn suggests that N is 
not the most limiting factor in a FIR program. The TNU of the top yielding treatments averaged 
165.0-250.7 kg N ha-1 and the REn averaged 53.6-76.2%. Considering a hybrid cultivar grown 
on a silt loam soil, TNU was comparable to greater than the 171.2-195.7 kg N ha-1 that was 
measured under a direct-seeded, delayed flood production system (Norman, Roberts, Slaton, & 
Fulford, 2013). Likewise, REn was comparable to values reported for a direct-seeded, delayed 
flood production system, which were 62.2-63.8% for a hybrid cultivar (Norman et al., 2013) and 
56.2-64.7% for a pureline variety (Norman et al., 2013; Wilson Jr. et al., 1989) at comparable 
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season total N rates. It appears that the optimal N management strategies have been identified, 
but other factors may exist that are limiting yield in the top end of a FIR production scenario.  
Table 11. Agronomic efficiency of N (AEn) by treatment of furrow-irrigated rice (FIR) N 
management trials in 2018 and 2019 on silt loam soils where only a middle location was tested. 
Treatment a AEn b 
 kg kg-1 
100%-0-0-0 26.4 a c 
50%-0-50%-0 25.5 a 
50%-25%-25%-0 25.4 a 
25%-25%-50%-0 18.6 b 
25%-25%-25%-25% 22.7 ab 
50%-0-50%-52 kg 18.9 b 
52 kg-52 kg-52 kg-0 24.8 a 
150%-0-0-0 19.2 b 
a Treatment structure refers to 
weekly N application rates as 
either a percentage of the 
recommended single preflood 
rate or in terms of kg N ha-1 
(kg). The first number 
corresponds to the pre-irrigation 
timing followed by the three 
subsequent weeks. 
b Agronomic efficiency of 
nitrogen 
c Means followed by the same 
letter within a column are not 
significantly different using a 
protected LSD at α=0.05. 
 
Grain and Milling Yield Analysis 
 Averaged across 2018 and 2019 sites with both a top and bottom location, there was a 
significant location by treatment interaction for rice grain yield and %HR and a treatment main 
effect for %TR (Table 12). The variance of all three of these parameters was made up by 
majority residual variance (Table 13). There was no significant difference in yield between all N 
fertilized treatments within each location in the field (Table 14). Rice grain yield was greater at 
the bottom of the field than the top of the field when using a 50%-0-50%-0 split, 25%-25%-50%- 
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Table 12. Analysis of variance with associated p-values for the yield components of furrow-
irrigated rice (FIR) N management trials in 2018 and 2019 on silt loam soils in Arkansas. 








2018/19 Top & Bottom     
   Location 1 0.0270* 0.1535 0.2057 
   Treatment 8 <0.0001*** <0.0001*** <0.0001*** 
   Location x Trt 8 <0.0001*** 0.0004*** 0.4932 
2020 Top & Bottom     
   Location 1 0.0141* <0.0001*** 0.2011 
   Treatment 9 <0.0001*** <0.0001*** <0.0001*** 
   Location x Trt 9 0.5848 0.4181 0.3727 
Middle Only     
   Treatment 8 <0.0001*** 0.0013** 0.0082** 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
 
Table 13. Variance components including block within location (Loc) within site-year (SiteYr) 
and residual for the yield components of furrow-irrigated rice (FIR) N management trials in 2018 









2018/19 Top & Bottom -----------------%----------------- 
   Block (Loc SiteYr) 37.5 0.1 0.0 
   Residual 62.5 99.9 100.0 
2020 Top & Bottom    
   Block (Loc SiteYr) 43.8 0.0 0.0 
   Residual 56.2 100.0 100.0 
Middle Only Sites    
   Block (SiteYr) 45.1 0.0 0.0 
   Residual 54.9 100.0 100.0 
 
0 split, 25%-25%-25%-25% split, 50%-0-50%-52 kg split, or a 150% single pre-irrigation 
application. Nitrogen application provided a greater benefit at the bottom of the field for these 
five treatments. It is interesting to note that the untreated control yielded 1,294 kg ha-1 greater at 
the top of the field than the bottom, suggesting that N fertilization was not as beneficial at the top 
of the field. In fact, all N treatments at the top of the field, other than the 50%-25%-25%-0 split, 
did not result in a significant yield increase. This along with a numerically greater TNU for the 
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control at the top of the field (133 versus 101 kg N ha-1) suggests that native soil N availability 
was greater at the top for these sites. Three of the four sites in this grouping did not hold a 
continuous flood at the bottom of the field, but drainage did not keep up with the irrigation water 
applied. Thus, soil moisture fluctuated from saturated, anaerobic conditions to aerobic conditions 
between irrigations and to a much greater degree than at the top of the field, which likely 
remained aerobic for the majority of the growing season. Maximum nitrification of ammonium 
(NH4
+) to nitrate (NO3
-) occurs at field capacity and denitrification of nitrate increases as soil  
Table 14. Mean rice grain yield and head rice yield by location and treatment of furrow-irrigated 
rice (FIR) N management trials in 2018 and 2019 on silt loam soils where a top and bottom 
location were tested. 
Location 
a 
Treatment b Grain Yield Head Rice 
c 
  kg ha-1 % 
Top Control 8,174 g d 35.1 de 
 100%-0-0-0 9,041 cdefg 38.4 abcde 
 50%-0-50%-0 8,513 fg 35.5 cde 
 50%-25%-25%-0 9,238 bcdef 35.4 cde 
 25%-25%-50%-0 8,485 fg 35.7 cde 
 25%-25%-25%-25% 8,813 efg 39.3 abcde 
 50%-0-50%-52 kg 8,875 efg 37.6 bcde 
 52 kg-52 kg-52 kg-0 8,967 defg 33.8 e 
 150%-0-0-0 8,810 efg 41.2 abcde 
Bottom Control 6,880 h 37.0 cde 
 100%-0-0-0 9,684 abcde 40.9 abcde 
 50%-0-50%-0 9,705 abcde 44.7 abc 
 50%-25%-25%-0 9,907 abcde 41.3 abcde 
 25%-25%-50%-0 10,632 a 44.6 abcd 
 25%-25%-25%-25% 10,164 abc 43.4 abcd 
 50%-0-50%-52 kg 10,105 abcd 47.9 a 
 52 kg-52 kg-52 kg-0 9,873 abcde 44.3 abcd 
 150%-0-0-0 10,409 ab 46.3 ab 
a Location within the field 
b Treatment structure refers to weekly nitrogen (N) application 
rates as either a percentage of the recommended single preflood 
rate or in terms of kg N ha-1 (kg). The first number corresponds to 
the pre-irrigation timing followed by the three subsequent weeks. 
c Whole kernel percentage of rice grain yield 
d Means followed by the same letter within a column are not 
significantly different using a protected LSD at α=0.05. 
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moisture increases (Maag & Vinther, 1996), suggesting that greater N loss would be seen at the 
bottom of the field where wetting and drying cycles were more pronounced.    
 The lack of benefit with N fertilization at the top of the field was mirrored by the fact that 
the AEn at the bottom of the field for these sites was 20.2 kg kg-1, while the AEn was just 4.8 kg 
kg-1 at the top of the field. There was also a lack of significant difference in regard to %HR. 
Head rice yield did not differ significantly at the top of the field regardless of N fertilization. 
This trend also held true for the majority of treatments at the bottom of the field, but the 50%-0-
50%-52 kg split and the 150% single pre-irrigation application yielded significantly greater %HR 
than the untreated control. Total rice yield varied slightly more, as all N fertilized treatments 
performed significantly greater than the untreated control, by 0.5 to 1.0%. Additionally, the 50%-
25%-25%-0 split producer lower %TR than all three treatments receiving N in excess of the 
100% SPF recommendation. Total rice yield averaged at least 70.9% for all N fertilized 
treatments and was maximized by all but the 100% single pre-irrigation application and the 50%-
25%-25%-0 split (Table 15). 
 In 2020, there were no interactions between location and treatment (Table 12). The 
control had a numerically greater TNU at the bottom of the field (102 versus 83 kg N ha-1) and, 
therefore, there was also a greater grain yield at the bottom of the field (7,963 versus 6,191 kg 
ha-1). A continuous flood was held at all three sites in 2020 after N application was complete. 
Thus, nitrification was minimal at the bottom of the field in 2020 and, in turn, N loss via 
denitrification was minimized. There was a significant treatment main effect for rice grain yield, 
%HR, and %TR, as well as a significant location main effect for rice grain yield and %HR 
(Table 12). The variance of rice grain yield, %HR, and %TR was dominated by residual variance 
(Table 13). While all N fertilized treatments performed better than the untreated control in 2020,  
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Table 15. Mean total rice yield by treatment, averaged across top and bottom locations, of 
furrow-irrigated rice (FIR) N management trials in 2018 and 2019 on silt loam soils where a top 






Control 70.4 d c 
100%-0-0-0 71.0 bc 
50%-0-50%-0 71.1 abc 
50%-25%-25%-0 70.9 c 
25%-25%-50%-0 71.2 abc 
25%-25%-25%-25% 71.2 abc 
50%-0-50%-52 kg 71.4 a 
52 kg-52 kg-52 kg-0 71.3 ab 
150%-0-0-0 71.4 ab 
a Treatment structure refers to 
weekly nitrogen (N) application 
rates as either a percentage of the 
recommended single preflood 
rate or in terms of kg N ha-1 (kg). 
The first number corresponds to 
the pre-irrigation timing 
followed by the three subsequent 
weeks. 
b Total white rice percentage of 
rice grain yield 
c Means followed by the same 
letter within a column are not 
significantly different using a 
protected LSD at α=0.05. 
 
the four treatments with larger season total N rates, the 25%-25%-25%-25% split, and the 25%-
25%-50%-0 split all produced the greatest rice grain yield when averaged across both top and 
bottom locations (Table 16). Head rice yield was also highest under the four treatments that 
received a higher season total N rate, but the 52 kg-52 kg-52 kg-52 kg split performed better than 
all other treatments. The 52 kg-52 kg-52 kg-52 kg split also produced the highest %TR, but it 
was not significantly different than the 50%-0-50%-52 kg split. Rice grain yield and %HR were 
both highest at the bottom of the field (Table 17), likely due to production conditions similar to a  
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Table 16. Mean rice grain yield, head rice yield, and total rice yield by treatment, averaged 
across top and bottom locations, of furrow-irrigated rice (FIR) N management trials in 2020 on 









 kg ha-1 ----------%---------- 
Control 7,021 d d 48.3 d 70.0 e 
100%-0-0-0 9,759 bc 53.3 c 70.9 cd 
50%-0-50%-0 9,418 c 54.4 c 70.9 cd 
50%-25%-25%-0 9,647 bc 54.4 c 71.0 c 
25%-25%-50%-0 9,867 abc 54.0 c 70.6 d 
25%-25%-25%-25% 9,930 abc 54.5 c 70.9 cd 
50%-0-50%-52 kg 10,339 ab 57.2 b 71.4 ab 
52 kg-52 kg-52 kg-0 10,242 ab 56.3 b 71.2 bc 
150%-0-0-0 10,147 abc 56.3 b 71.2 bc 
52 kg-52 kg-52 kg-52 kg 10,620 a 58.7 a 71.6 a 
a Treatment structure refers to weekly nitrogen (N) 
application rates as either a percentage of the recommended 
single preflood rate or in terms of kg N ha-1 (kg). The first 
number corresponds to the pre-irrigation timing followed by 
the three subsequent weeks. 
b Whole kernel percentage of rice grain yield 
c Total white rice percentage of rice grain yield 
d Means followed by the same letter within a column are not 
significantly different using a protected LSD at α=0.05. 
  
Table 17. Mean rice grain yield and head rice yield by location within the field, averaged across 
all nitrogen management programs, of furrow-irrigated rice (FIR) N management trials in 2020 







 kg ha-1 % 
Top 8,990 b c 50.5 b 
Bottom 10,346 a 58.9 a 
a Location within the field 
b Whole kernel percentage of rice 
grain yield 
c Means followed by the same letter 
within a column are not 
significantly different using a 
protected LSD at α=0.05. 
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direct-seeded, delayed-flood system (Chlapecka et al, 2021). Rice grain yield and %HR averaged 
1,356 kg ha-1 and 8.4% greater, respectively, at the bottom of the field compared to the top of the 
field.  
 At the two sites where only a middle location was tested, there was a significant 
treatment main effect for rice grain yield, %HR, and %TR (Table 12). The variance was made up 
of majority residual variance for all yield components measured (Table 13). All N fertilized 
treatments other than the 25%-25%-50%-0 split yielded similarly and greatest (Table 18). This 
included the 50%-0-50%-0 split, which did not perform as well in 2020, but also included all of 
the treatments which produced the greatest rice grain yield at all other site groupings. The four-
way split of 25%-25%-25%-25% and the three treatments with a greater season total N rate 
(50%-0-50%-52 kg split, 52 kg-52 kg-52 kg-0 split, and 150% single pre-irrigation application) 
were the four treatments which maximized rice grain yield across all site years. These findings 
are contrary to what was reported on clay soils by Ockerby & Fukai (2001), where 280 kg N ha-1 
was required to maximize yield, and Hefner and Tracy (1991), where 202 kg N ha-1 was required 
to maximize yield. The higher N rates in previous studies are understandable, as clay soils 
generally have a higher season total N rate recommendation (Roberts et al., 2018). Our results 
do, however, recommend a higher season total N rate than Lampayan et al. (2010), where rice 
was grown on a loam soil but in a much lower yielding environment. It is also interesting to note 
that the 100% single pre-irrigation application, the standard for hybrid rice grown under CF 
management, maximized rice grain yield in two of the three site groupings. While making a 
single N application has the potential to decrease production cost if ground application is an 
option, it is a much riskier approach in the FIR system and resulted in an 861 kg ha-1 yield 
decrease in 2020 when compared to the 52 kg-52 kg-52 kg-52 kg split program. Broadcast 
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applying all N several weeks before the majority of plant demand occurs (Wilson et al., 1989) 
leaves N subjected to its primary loss mechanisms, the major one being nitrification-
denitrification, for a longer period of time in the absence of a permanent flood. The TNU and 
yield data suggest that there was a large amount of N mineralization occurring at most of the 
study sites. A single pre-irrigation application would likely be undesirable in situations where N 
mineralization rates are lower, such as in a continuous rice system (Norman, Gilmour, & Wells, 
1990).  
Table 18. Mean rice grain yield, head rice yield, and total rice yield of furrow-irrigated rice 













 kg ha-1 -----------%----------- 
Control 5,107 c d 25.2 d 68.4 c 
100%-0-0-0 8,532 a 35.6 a 69.6 ab 
50%-0-50%-0 8,344 ab 30.3 bc 69.4 b 
50%-25%-25%-0 8,323 ab 33.2 abc 69.4 b 
25%-25%-50%-0 7,565 b 31.3 abc 69.5 ab 
25%-25%-25%-25% 7,959 ab 29.5 cd 69.2 bc 
50%-0-50%-52 kg 8,441 ab 31.5 abc 70.0 ab 
52 kg-52 kg-52 kg-0 8,642 a 30.1 c 69.7 ab 
150%-0-0-0 8,816 a 34.8 ab 70.3 a 
a Treatment structure refers to weekly nitrogen (N) 
application rates as either a percentage of the 
recommended single preflood rate or in terms of kg N ha-1 
(kg). The first number corresponds to the pre-irrigation 
timing followed by the three subsequent weeks. 
b Whole kernel percentage of rice grain yield 
c Total white rice percentage of rice grain yield 
d Means followed by the same letter within a column are 
not significantly different using a protected LSD at α=0.05. 
 
 Head rice yield at the two middle only sites averaged very low, from 25.2 to 34.8%. 
Harvest was delayed at both of these sites and harvest moisture averaged near 12%, which led to 
the low milling yield (Siebenmorgen, Bautista, & Counce, 2007). Head rice yield was 
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maximized across all three groupings by the 50%-0-50%-52 kg split and the 150% single pre-
irrigation application. This is no surprise, as the same two N treatments also maximized TNU. 
These two N treatments also provided the highest season total N rate, which generally results in a 
higher %HR (Bond et al.; Dilday, 1988; Siebenmorgen, Grigg, Counce, & Hardke, 2018). At the 
middle only sites, %TR was greatest under all treatments that received a greater season total N 
rate, the 100% pre-irrigation application, and the 25%-25%-50%-0 split. Therefore, %TR was 
maximized across all site groupings by only the 50%-0-50%-52 kg split. 
Conclusions 
 The research outlined in this paper is complimentary work to N management trials on 
clay soils in northeastern Arkansas (Chlapecka, Hardke, & Roberts, 2021). The work presented 
here is a novel approach to determining the optimal N management strategy to maximize rice 
grain yield and milling yield of FIR on silt loam soils in Arkansas and the Mid-South. Five of 
eight sites outlined in this paper were located within commercial FIR production fields, while the 
other three sites were on University of Arkansas System Division of Agriculture research 
stations and were similar to a commercial FIR field in terms of field size and management. The 
field length of all sites ranged from 183 m at RREC-19 and RREC-20 to 762 m at the Newport 
site. This range of field lengths is a common range for most commercial FIR production and 
should yield practical, reproducible results. 
 Results from these studies suggest that multiple N management options are possible to 
maximize yield in the FIR system. A four-way split of 25%-25%-25%-25%, in regards to the 
recommended SPF application in flooded rice production, as well as a 50%-0-50%-52 kg split, 
52 kg-52 kg-52 kg-0 split, and 150% single pre-irrigation application maximized rice grain yield 
across all three site groupings on silt loam soils. The 52 kg-52 kg-52 kg-52 kg split also 
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maximized grain and milling yield, but was only tested in 2020. Head rice yield was maximized 
by the 50%-0-50%-52 kg split and the 150% single pre-irrigation application, while %TR was 
maximized across all sites by the 50%-0-50%-52 kg split. Our findings indicate that split 
applications and higher N rates, either alone or in tandem, are required to consistently maximize 
rice grain and milling yield in FIR production.  
 The 50%-0-50%-52 kg split, 52 kg-52 kg-52 kg-52 kg split, and the 150% single pre-
irrigation application appear to be the optimal N management programs to maximize all yield 
parameters on a consistent basis. The TNU at R3 from all years shows that a greater amount of N 
was taken up when a greater total N rate was applied; however, it will be important in the future 
to analyze both the economic and environmental consequences of the additional 52 or more kg N 
ha-1. While the 25%-25%-25%-25% split and the 52 kg-52 kg-52 kg-0 split did not perform quite 
as well in regard to milling yield, these N treatment did maximize grain yield in all site 
groupings. It is important to note that milling yield is affected by grain moisture content at 
harvest (Siebenmorgen et al., 2007). A higher season total N rate in the 50%-0-50%-52 kg split 
likely resulted in slightly delayed maturity and higher grain moisture at harvest compared to 
treatments with a lower season total N rate, which could have inflated milling yield compared to 
the treatments that received less N fertilizer.  
 Another thing to consider is that the main focus of the current study was early-season N 
management of FIR. Therefore, none of the sites in the current study received a late-boot N 
application. A late-boot N application is recommended to decrease lodging incidence and 
increase milling yield (Hardke & Chlapecka, 2020; Smartt et al., 2018). It appears that a late-
boot N application also has the potential to increase %HR in FIR (unpublished data). Future 
work should focus on the top N management programs identified in the current study with the 
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addition of a late-boot N application. Data from this study suggest that multiple N management 
options have the potential to maximize FIR produced on a silt loam soil. 
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P and K uptake are greater at the lower, flooded end of a FIR production field 
Increased biomass leads to increased uptake of P, K, Ca, Mg, S, Na, Fe, Mn, Zn, Cu, and B 





 Rice production across the majority of the Mid-South has traditionally been produced 
under conventional flood (CF) production, namely direct-seeded, delayed-flood production. 
However, furrow-irrigated rice (FIR) has grown to comprise over 15% of Arkansas’ rice 
hectarage as of 2020. The uptake of several nutrients, including phosphorus (P), potassium (K), 
and zinc (Zn), has been shown to differ between aerobic and flooded rice production. Hence, a 
nutrient uptake survey was conducted from 2018 to 2020 to determine the difference in nutrient 
uptake at the top of the field, where a generally aerobic environment existed, and the bottom of 
the field, where a generally anaerobic or flooded environment existed from R1 to maturity. 
Aboveground biomass samples were taken at R3 from four nitrogen (N) treatments at the top and 
bottom of five sites on a clayey soil texture and four sites on a loamy soil texture. Results 
suggest that there is significantly lower P, K, sodium (Na), and manganese (Mn) uptake at the 
top of the field compared to the bottom of the field on both soil textures. Additionally, the N 
treatments which produced the greatest biomass generally resulted in the greatest uptake of all 
nutrients examined. The decrease in P and K uptake in the aerobic portion of a FIR field suggests 
that they may require altered fertilizer recommendations compared to the traditional CF rice 
system. However, the lack of difference in Zn uptake, another nutrient prone to deficiency in 
mid-southern rice production, suggests that current Zn recommendations may be sufficient in 




 Furrow-irrigated rice (Oryza sativa L.) (FIR) has drawn increasing interest in the Mid-
South since 2016. Furrow-irrigated rice made up less than 1% of the total rice grown in Arkansas 
prior to 2016; however, FIR was implemented on upwards of 90,000 ha in Arkansas in 2020, 
making up over 15% of the harvested rice area (Hardke, personal communication). The major 
reasons for increased adoption are the decreased labor and equipment requirements and the 
possibility of water savings compared to traditional conventional flood (CF) rice production 
(Chlapecka, Hardke, Roberts, Mann, & Ablao, 2021). 
 Aside from the difference in nitrogen (N) management considerations when growing FIR 
compared to CF production, other macronutrients and several micronutrients have the potential 
to differ. It has been noted that phosphorus (P) deficiency can be pronounced when a continuous 
flood is not maintained, especially when growing rice on high pH soils (Hardke & Chlapecka, 
2020). When the soil is flooded, P availability increases due to the conversion of Fe+3-P minerals 
to Fe+2-P, which is more soluble (Havlin, Tisdale, Nelson, & Beaton, 2016). Therefore, response 
to P application is usually reduced in a flooded rice environment compared to upland crops. 
Continuously flooded rice has been shown to take up significantly more P by anthesis (R4) 
compared to rice grown under aerobic conditions (Beyrouty, Grigg, Norman, & Wells, 1994; 
Chaudhry & McClean, 1963). Under flush irrigation, where rice is flooded for a short period 
(generally 12 to 24 hours) before the water is released, approximately 70% less P uptake was 
documented on a Crowley silt loam near Stuttgart, AR compared to CF production (Beyrouty et 
al., 1994). Similarly, Obermueller and Mikkelsen (1974) reported approximately 58% less P 
uptake at maturity under non-flooded conditions when compared to flooded on a Stockton clay in 
the greenhouse.  
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 Through greenhouse studies, Obermueller and Mikkelsen (1974) reported increased 
potassium (K) uptake when the soil was not flooded due to decreased biomass and K 
concentration. However, exchangeable K+ is thought to increase due to the reduction of iron 
(Fe3+) and manganese (Mn4+), which increases K solubility (Patrick Jr., Mikkelsen, & Wells, 
1985). Beyrouty et al. (1994) reported upwards of a two-fold increase in K uptake by flooded 
rice compared to under flush irrigation at booting (R2), which was due to both increased K 
concentration and increased biomass under flooded conditions. Similarly, at R2 and R3, zinc 
(Zn), iron (Fe), and manganese (Mn) were taken up in greater quantities in at least one year of 
the two year study by CF rice compared to flush-irrigated rice (Beyrouty et al., 1994). While 
greater Fe uptake was also noted at heading by Obermueller and Mikkelsen (1974) under flooded 
conditions, they saw significantly less Mn and Zn uptake under flooded conditions, which is 
contrary to Beyrouty et al. (1994). Additionally, calcium (Ca) and magnesium (Mg) uptake was 
significantly greater under flooded conditions compared to nonflooded (Obermueller & 
Mikkelsen, 1974). Due to the differences in the aforementioned studies, it is critical to define the 
nutrient uptake differences between flooded and non-flooded rice culture. Thus, a survey was 
conducted to evaluate the nutrient uptake differences between the top of a FIR field, where 
conditions are generally aerobic, and the bottom of a FIR field, where conditions are generally 
flooded and anaerobic, under four different N management programs. 
Materials and Methods 
   The survey of nutrient uptake in FIR was conducted in 2018, 2019, and 2020 in eight 
producer-managed commercial FIR fields and one University of Arkansas System Division of 
Agriculture research station (Table 1). Five sites were located on a clay soil texture, three on a 
silt loam soil texture, and one on a sandy loam soil texture. In 2018 the Keiser site was mapped 
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primarily as a Sharkey-Steele complex (very-fine, smectitic, thermic Chromic Epiaquerts and 
sandy over clayey, mixed, superactive, nonacid, thermic Aquic Udifluvents) with 0 to 1 percent 
slopes and the Blytheville site was mapped primarily as an Amagon sandy loam (Fine-silty, 
mixed, active, thermic Typic Endoaqualfs) with 0 to 1 percent slopes (Soil Survey Staff, 2020). 
In 2019, Hightower North and Hightower South were mapped primarily as a mix of Sharkey-
Steele complex and Sharkey-Crevasse complex (very-fine, smectitic, thermic Chromic 
Epiaquerts and mixed, thermix typic Udipsamments) with 0 to 1 percent slopes and the Almyra 
site was mapped primarily as a Dewitt silt loam (Fine, smectitic, thermic Typic Albaqualfs) with 
0 to 1 percent slopes. In 2020, Hightower East was mapped as a Sharkey-Crevasse complex, 
Hightower West was mapped as primarily a Sharkey silty clay (very-fine, smectitic, thermic 
Chromic Epiaquerts) with 0 to 1 percent slopes, the Newport site was mapped primarily as an 
Amagon and Forestdale silt loam (Fine, smectitic, thermic Typic Endoaqualfs), and the RREC 
site was mapped as a Dewitt silt loam with 0 to 1 percent slopes.  













2018 Blytheville Sandy Loam RT XP753 11 May 3 Oct 
 Keiser Clay RT XP753 7 May 13 Sept 
2019 Almyra Silt Loam RT XP753 29 April 13 Sept 
 Hightower North Clay RT XP753 1 April 29 Aug 
 Hightower South Clay RT XP753 25 April 9 Sept 
2020 Hightower West Clay RT 7521 FP 8 April 8 Sept 
 Hightower East Clay RT XP753 7 April 8 Sept 
 Newport Silt Loam RT XP753 16 April 16 Sept 
 RREC Silt Loam RT 7301 2 June 6 Oct 
 
  A RiceTec (RiceTec Inc., Alvin, TX) hybrid was grown at all site-years. Rice was 
managed following the University of Arkansas System Division of Agriculture’s Cooperative 
Extension Service guidelines for maximum production in all aspects other than N rate and 
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timing. The test was set up as a split plot design with the whole plot factor as location within the 
field (top, aerobic portion and bottom, flooded portion) and split plot factor as N management 
program in a randomized complete block design (RCB). The test was conducted at two locations 
within the field: the top one-third of the field, where upland conditions (aerobic) existed 
throughout the season, and the bottom one-third of the field, where a flood was maintained 
throughout the majority of the season (saturated, anaerobic). Plots measured three rows in width 
and 5.2 m in length at all sites other than the sandy loam site, where plots measured one row 
wide at 1.52 m spacing. The previous crop in all years was soybean (Glycine max).  
  For all sites, the initial N application was made at V5 to V6 stage and irrigation was 
applied within two days of application to incorporate the N fertilizer. At all clay sites and the 
sandy loam site, the overall base N rate was determined by University of Arkansas System 
Division of Agriculture guidelines for the recommended preflood rate for RT XP753 and RT 
7521 FP following soybean plus an additional 34 kg N ha-1 for rice grown on a clay soil, totaling 
168 kg N ha-1 (Roberts et al., 2018). At the three silt loam sites, the overall base N rate was 
determined by Nitrogen Soil Test for Rice (N-STaR) results (Roberts, Ross, Norman, Slaton, and 
Wilson, 2011). In all years, there were four N programs utilized. Urea plus the urease inhibitor n-
butyl-thiophosphoric triamide (NBPT) was the sole N source and all applications were broadcast 
by hand. The four N programs were 1) 0 N control, 2) single pre-irrigation application, 3) 50% of 
the overall base N rate applied pre-irrigation, followed by the remaining 50% two weeks later, 
followed by an additional 52 kg N ha-1 one week later, and 4) three weekly applications of 52 kg 
ha-1. Nitrogen program represented the split-plot factor and was arranged in a RCB design with 




  Whole aboveground plant samples were collected at heading (R3) to quantify nutrient 
uptake. Samples were taken at this time because the original goal was to quantify N uptake. 
Maximum N uptake occurs near R3 and can slightly increase, decrease, or discontinue based on 
several factors (Norman et al., 2003). Samples were taken from 1-m of a bordered non-harvest 
row on the shoulder of the bed. Sample dates were 30 July at Blytheville bottom, 10 August at 
Blytheville top, 24 July at 2018 Keiser, 25 July at 2019 Almyra, 23 July at 2019 Hightower 
North, 30 July at 2019 Hightower South, 23 July at 2020 Hightower West, 23 July at 2020 
Hightower East, 28 July at Newport, and 10 August at RREC. Samples were taken at different 
times at the 2018 Blytheville site due to differences in heading date between top and bottom of 
the field. Samples were dried at 60°C to constant weight, weighed, and ground with a Wiley mill 
(Thomas Scientific, Swedesboro, NJ) to pass a 1-mm sieve. Nutrient concentrations were 
analyzed at the Agricultural Diagnostic Laboratory in Fayetteville, AR by digestion with HNO3 
and H2O2 (Jones & Case, 1990). The nutrients that were analyzed included sodium (Na), Fe, Mn, 
Zn, copper (Cu), boron (B), P, K, Ca, Mg, and sulfur (S). Nutrient uptake of the aboveground 
biomass was calculated as follows: 
 𝑇𝑁𝑈 = 𝐶(𝐵)         [1] 
where C is the nutrient concentration and B is the mass of the above-ground biomass. 
 Nutrient uptake values were analyzed with the PROC GLIMMIX procedure in SAS v 9.4 
(SAS Institute, Cary, NC). All nutrients and aboveground biomass were analyzed with four 
replications per location within the field per site per year. A separate ANOVA was ran for the 
clay sites and loamy sites. The model for all variables included treatment, location within the 
field, and their interaction as fixed effects while block within location of the field within site year 
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was considered as a random effect. All variables were assumed to have a gamma distribution. 
Data points were analyzed within each site for outliers, and those with the absolute value of their 
studentized residual greater than 3.0 were considered for removal from the data set based upon 
subject matter consideration. All means separation was done using a protected LSD at the 5% 
level of significance. 
Results 
Biomass 
 Total aboveground biomass at R3 was significantly affected by location only on clayey 
soils (P=0.0266). An average of 1,751 kg ha-1 greater biomass was produced at the bottom of the 
field on the sites with a clayey soil texture (Table 2). However, the difference between top and 
bottom locations on loamy soils also approached significance in the same direction. Beyrouty et 
al. (1994) saw a 37% difference in biomass at R2 between flooded rice and flush irrigated rice, 
which was much greater in magnitude than the differences at R3 in the current study. Flush 
irrigation is defined as holding a shallow flood for a short period of time, usually 12-24 hours, 
and then releasing the water. In FIR, water runs down the field in water furrows and wicks across 
the beds. Also, the current study used modern hybrid cultivars, while the Beyrouty et al. (1994) 
study used pureline varieties. Hybrid rice cultivars have a much more extensive root system 
(Yang & Sun, 1988), which likely allowed for increased drought stress tolerance. 
 Aboveground biomass at R3 was significantly influenced by N management treatment on 
both soil types in the current study (P<0.0001). The most aboveground biomass was produced 
under the highest season total N rates, those being the 50%-0-50%-52 kg split and the 52 kg-52 
kg-52 kg-0 split (Table 3). This result agrees with previous rice N studies under flooded 
conditions (Guindo, Wells, & Norman, 1994; Sims & Place, 1968). However, the aboveground 
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Table 2. Mean biomass at R3 by location, averaged across treatments, of furrow-irrigated rice 
(FIR) trials in Arkansas. 
Location a Clayey Loamy 
 kg ha-1 
Top 9,167 b b 11,726 a 
Bottom 10,918 a 12,990 a 
p-value 0.0266 0.0919 
a Location within the field 
b Means followed by the same letter 
within a column are not significantly 
different using a protected LSD at 
α=0.05. 
 
Table 3. Mean biomass at R3 by treatment, averaged across top and bottom locations, of furrow-
irrigated rice (FIR) trials in Arkansas. 
Treatment a Clayey Loamy 
 kg ha-1 
Control 6,127 c b 8,967 c 
100%-0-0-0 11,041 b 12,883 b 
50%-0-50%-52 kg 12,871 a 13,679 ab 
52 kg-52 kg-52 kg-0 11,504 ab 14,681 a 
p-value <0.0001 <0.0001 
a Treatment structure refers to weekly nitrogen 
(N) application rates as either a percentage of 
the recommended single preflood rate or in 
terms of kg N ha-1 (kg). The first number 
corresponds to the pre-irrigation timing 
followed by the three subsequent weeks. 
b Means followed by the same letter within a 
column are not significantly different using a 
protected LSD at α=0.05. 
 
biomass is significantly less than what is expected under flooded conditions, as Guindo et al. 
(1994) reported total aboveground biomass at R3 of 14,700-18,930 kg ha-1 for ‘Lebonnet’ and 
‘Lemont’ rice and Slaton, Wilson Jr, Ntamatungiro, & Norman (2002) reported aboveground 




 There was a treatment main effect on every nutrient that was examined (Table 4). In 
regard to macronutrient uptake on clayey soils, there was a significant location effect on P, K, 
and Ca uptake. There was also a significant location by treatment interaction on Mg uptake.  
Table 4. Analysis of variance with associated p-values for macronutrient uptake of furrow-















  ----------------------------p-value---------------------------- 
Clayey Soils       
   Location 1 0.0012** 0.0215* 0.0018** 0.1118 0.8202 
   Treatment 3 <0.0001*** <0.0001*** <0.0001*** <0.0001*** <0.0001*** 
   Location x 
Trt 
3 0.1952 0.1068 0.0716 0.0428* 0.2867 
Loamy Soils       
   Location 1 <0.0001*** 0.0279* 0.8819 0.1483 0.0630 
   Treatment 3 <0.0001*** <0.0001*** <0.0001*** <0.0001*** <0.0001*** 
   Location x 
Trt 
3 0.1562 0.9535 0.8776 0.5303 0.9613 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
 
Variance was made up of both block within location within site year and residual variance (Table 
5). Phosphorus, K, and Ca uptake were greater at the bottom of the field, where a flood was held, 
compared to the top of the field (Table 6). There was 39.0% more P, 24.2% more K, and 35.6% 
more Ca uptake at the bottom of the field on clayey soils. Greater uptake of P and K where a 
continuous flood was held from R1 to maturity agrees with previous literature (Beyrouty et al., 
1994; Chaudhry & McClean, 1963); however, uptake differences were not as pronounced in the 
current study, likely because CF management was not utilized at the bottom of the field until R1 
at the majority of the sites. Enhanced Ca uptake at the bottom of the field is in agreeance with 
Obermueller & Mikkelsen (1974), who reported that Ca uptake was significantly higher in the 
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presence of a flood. Decreased uptake of P and K where aerobic growing conditions exist 
suggests that fertility recommendations may need to be revisited for applying P and K prior to 
growing FIR. Nutrient uptake was heavily dictated by aboveground biomass at R3. Uptake of P, 
K, Ca, and S was greatest under the highest total N rate, which was the 50%-0-50%-52 kg 
treatment, and least in the absence of N fertilization (Table 7). The 52 kg-52 kg-52 kg treatment 
also maximized P and Ca uptake. The same was true for Mg, as the greatest uptake was under the 
50%-0-50%-52 kg and 52 kg-52 kg-52 kg treatments and least in the absence of N fertilization, 
but the magnitude of difference was greater at the bottom of the field (Table 8).  
 
Table 5. Percentage makeup for the variance components of block within location (Loc) within 
site year (SiteYr) and residual for macronutrient uptake of furrow-irrigated rice (FIR) trials on 
clayey and loamy soils in Arkansas.  
Variance 
Component 
P K Ca Mg S 
Clayey Soils -------------------------%------------------------- 
   Block (Loc SiteYr) 51.7 52.8 42.6 52.3 63.2 
   Residual 48.3 47.2 57.4 47.7 36.8 
Loamy Soils      
   Block (Loc SiteYr) 14.1 39.5 27.6 58.1 39.7 
   Residual 85.9 60.5 72.4 41.9 60.3 
 
 
Table 6. Mean phosphorus (P), potassium (K), calcium (Ca), and iron (Fe) uptake by location, 
averaged across treatments, of furrow-irrigated rice (FIR) trials on clayey soils in northeastern 
Arkansas. 
Location a P K Ca Fe 
 ----------------------kg ha-1---------------------- 
Top 19.2 b b 170.0 b 20.8 b 247.2 a 
Bottom 26.7 a 211.2 a 28.2 a  155.1 b 
a Location within the field 
b Means followed by the same letter within a column are not 




Table 7. Mean phosphorus (P), potassium (K), calcium (Ca), and sulfur (S) uptake by treatment, 
averaged across top and bottom locations, of furrow-irrigated rice (FIR) trials on clayey soils in 
northeastern Arkansas. 
Treatment a P K Ca S 
 -------------------kg ha-1------------------- 
Control 13.9 c b 107.8 c 14.8 c 6.0 c 
100%-0-0-0 25.3 b 211.6 b 26.5 b 12.0 b 
50%-0-50%-52 kg 28.9 a 256.5 a 31.3 a 14.9 a 
52 kg-52 kg-52 kg-0 25.8 ab 220.5 b 28.0 ab 12.4 b 
a Treatment structure refers to weekly nitrogen (N) application 
rates as either a percentage of the recommended single 
preflood rate or in terms of kg N ha-1 (kg). The first number 
corresponds to the pre-irrigation timing followed by the three 
subsequent weeks. 
b Means followed by the same letter within a column are not 
significantly different using a protected LSD at α=0.05. 
 
Table 8. Mean magnesium (Mg), sodium (Na), and manganese (Mn) uptake by location and 
treatment of furrow-irrigated rice (FIR) trials on clayey soils in northeastern Arkansas. 
Location 
a 
Treatment b Mg Na Mn 
  --------------kg ha-1-------------- 
Top Control 7.7 c c 31.4 e 0.70 c 
 100%-0-0-0 17.4 b 106.4 d 1.90 b 
 50%-0-50%-52 kg 23.0 a 205.2 c 2.17 b 
 52 kg-52 kg-52 kg-0 19.0 ab 133.8 d 1.87 b 
Bottom Control 11.1 d 201.6 cd 2.01 b 
 100%-0-0-0 19.8 ab 422.5 b 3.44 a 
 50%-0-50%-52 kg 23.8 a 657.5 a 4.09 a 
 52 kg-52 kg-52 kg-0 21.2 ab 508.1 ab 3.55 a 
a Location within the field 
b Treatment structure refers to weekly nitrogen (N) application rates 
as either a percentage of the recommended single preflood rate or 
in terms of kg N ha-1 (kg). The first number corresponds to the pre-
irrigation timing followed by the three subsequent weeks. 
c Means followed by the same letter within a column are not 
significantly different using a protected LSD at α=0.05. 
 
 Regarding macronutrient uptake on loamy soils, there was a significant location effect on 
P and K uptake and no significant location by treatment interactions (Table 4). Similar to results 
on clayey soils, uptake of P and K was greatest at the bottom of the field and averaged 45.0% 
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and 21.6% greater, respectively, than at the top of the field (Table 9). The values on loamy soils 
are comparable to those measured on clayey soils in this study, which were 39.0% and 24.2% for 
P and K, respectively. The P and K uptake values reported from the current study are within the 
wide ranges able to produce maximal rice grain yield in irrigated lowland rice in the Philippines 
(Dobermann, Cassman, Mamaril, & Sheehy, 1998). Additionally, K concentration at R3 was 
well within sufficiency levels for production of high yields in flooded rice in Arkansas, which 
was 1.7-1.9% on both soil textures in the current study and is only recommended to be greater 
than 1.3% K (Roberts et al., 2018). However, P concentration at R3 was 0.20-0.21% at the top of 
the field on both soil textures in the current study and was reported to be 0.287-0.304% in P 
studies in Arkansas flooded rice (Slaton, McGee, Norman, DeLong, & Wilson Jr., 2003); the 
reported values from Slaton et al. (2003) are similar to what was seen from the bottom of the 
field in the current study. This issue suggests that P is one of the most important nutrients to 
consider under a FIR environment, and that management differences may need to be studied 
further. While Obermueller & Mikkelsen (1974) saw that Ca and Mg uptake were significantly 
higher in the presence of a flood, the current study showed no difference in Mg uptake on either 
soil texture and no difference in Ca uptake on a loamy soil texture. Uptake of P, K, Ca, Mg, and 
S were all greatest under the 50%-0-50%-52 kg treatment as well as the 52 kg-52 kg-52 kg-0 
treatment, while Ca uptake was also maximized by the 100%-0-0-0 treatment (Table 10). On 






Table 9. Mean phosphorus (P), potassium (K), sodium (Na), and manganese (Mn) uptake by 
location, averaged across treatments, of furrow-irrigated rice (FIR) trials on loamy soils in 
Arkansas. 
Location a P K Na Mn 
 ----------------------kg ha-1---------------------- 
Top 23.8 b b 197.5 b 240.2 b 3.08 b 
Bottom 34.5 a 240.1 a 1,014.6 a 8.97 a 
a Location within the field 
b Means followed by the same letter within a column are not 
significantly different using a protected LSD at α=0.05. 
 
Table 10. Mean phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S) 
uptake by treatment, averaged across top and bottom locations, of furrow-irrigated rice (FIR) 
trials on loamy soils in Arkansas. 
Treatment a P K Ca Mg S 
 ----------------------kg ha-1---------------------- 
Control 21.6 c b 161.7 b 15.8 c 12.3 c 8.9 c 
100%-0-0-0 29.4 b 226.3 a 27.2 b 23.1 b 14.7 b 
50%-0-50%-52 kg 31.8 ab 245.7 a 31.5 a 27.9 a 17.7 a 
52 kg-52 kg-52 kg-0 33.4 a 251.9 a 32.6 a 28.9 a 17.5 a 
a Treatment structure refers to weekly nitrogen (N) application rates as 
either a percentage of the recommended single preflood rate or in terms 
of kg N ha-1 (kg). The first number corresponds to the pre-irrigation 
timing followed by the three subsequent weeks. 
b Means followed by the same letter within a column are not 
significantly different using a protected LSD at α=0.05. 
 
Micronutrients 
 Similar to macronutrients, there was a significant treatment main effect on every 
micronutrient included in the study on clayey and loamy soils (Table 11). In regard to clayey 
soils, there was also a significant location main effect on Fe and a significant location by 
treatment interaction on Na and Mn uptake. Variance was made up of both block within location 
within site year and residual variance (Table 12). Total Fe uptake at R3 was 59.4% greater at the 
top of the field than the bottom of the field (Table 6). This is contrary to what was seen by 
Beyrouty et al. (1994), as they measured greater Fe uptake was measured in the presence of a 
flood. One possible reason for increased Fe uptake at the top of the field was that groundwater 
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Table 11. Analysis of variance with associated p-values for micronutrient uptake of furrow-

















  ----------------p-value----------------  
Clayey Soils        




0.1558 0.5541 0.2121 












   Location x Trt 3 0.0129* 0.2885 0.0165* 0.2415 0.1703 0.1270 
Loamy Soils        




0.6360 0.2386 0.9223 












   Location x Trt 3 0.1448 0.5002 0.1673 0.9609 0.9775 0.8195 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
 
Table 12. Percentage makeup for the variance components of block within location (Loc) within 
site year (SiteYr) and residual for micronutrient uptake of furrow-irrigated rice (FIR) trials on 
clayey and loamy soils in Arkansas.  
Variance Component Na Fe Mn Zn Cu B 
Clayey Soils ---------------------------------%--------------------------------- 
   Block (Loc SiteYr) 78.4 40.2 60.5 53.7 64.7 56.5 
   Residual 21.6 59.8 39.5 46.3 35.3 63.5 
Loamy Soils       
   Block (Loc SiteYr) 45.0 70.2 31.9 30.0 40.7 59.9 
   Residual 55.0 29.8 68.1 70.0 59.3 40.1 
 
was the sole irrigation source for all clay site-years. The median Fe concentration in the 
Mississippi River Valley alluvial aquifer can be “undesirably large” and averages 4,000 µg L-1 
(Morris, 1988). Thus, Fe from the irrigation source likely was deposited in larger amounts at the 
top of the field, both from the growing season the study was conducted as well as in previous 
years. Na and Mn uptake were both greater at the bottom of the field than the top, but the 
magnitude of difference differed by treatment (Table 8). Greater Mn uptake under flooded 
conditions is in agreeance with Beyrouty et al. (1994); however, the flood did not affect Zn and 
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Fe uptake, while Beyrouty et al. (1994) found otherwise. Fe, Zn, Cu, and B uptake differed by 
treatment and were maximized under the 50%-0-50%-52 kg treatment, but Fe uptake was also 
maximized by the 52 kg-52 kg-52 kg-0 treatment (Table 13).  
Table 13. Mean iron (Fe), zinc (Zn), copper (Cu), and boron (B) uptake by treatment, averaged 
across top and bottom locations, of furrow-irrigated rice (FIR) trials on clay soils in northeastern 
Arkansas. 
Treatment a Fe Zn Cu B 
 -------------------kg ha-1------------------- 
Control 125.6 c b 0.17 c 0.02 c 0.01 c 
100%-0-0-0 179.7 b 0.34 b 0.05 b 0.03 b 
50%-0-50%-52 kg 277.3 a 0.42 a 0.07 a 0.04 a 
52 kg-52 kg-52 kg-0 235.0 a 0.35 b 0.06 b 0.03 b 
a Treatment structure refers to weekly nitrogen (N) application rates 
as either a percentage of the recommended single preflood rate or in 
terms of kg N ha-1 (kg). The first number corresponds to the pre-
irrigation timing followed by the three subsequent weeks. 
b Means followed by the same letter within a column are not 
significantly different using a protected LSD at α=0.05. 
 
 In regard to loamy soils, there was a significant treatment main effect for all 
micronutrients examined and a significant location main effect on Na and Mn. Uptake of Na and 
Mn at the bottom of the field were 3.2 and 1.9 times greater, respectively, than at the top of the 
field (Table 9). Uptake of Zn was not affected by location within the field on either soil type. 
This result is contrary to Beyrouty et al. (1994) and suggests that Zn fertility recommendations 
for flooded rice may be valid under FIR as well. However, it should be noted that Zn deficiency 
is usually discovered shortly after the permanent flood is applied to CF rice, and the lack of a 
permanent flood on FIR may mask Zn deficiency and create a “hidden hunger” issue that is not 
as obvious to correct. Uptake of Na, Mn, Zn, and Cu were maximized by the 50%-0-50%-52 kg 
treatment and the 52 kg-52 kg-52 kg-52 kg treatment, while uptake of Fe and B were maximized 
by all N fertilized treatments (Table 14).  
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Table 14. Mean sodium (Na), iron (Fe), manganese (Mn), zinc (Zn), copper (Cu), and boron (B) 
uptake by treatment, averaged across top and bottom locations, of furrow-irrigated rice (FIR) 
trials on loamy soils in Arkansas. 
Treatment a Na Fe Mn Zn Cu B 
 --------------------------------kg ha-1-------------------------------- 
Control 153.8 c b 112.0 b 2.95 c 0.30 c 0.04 c 0.02 b 
100%-0-0-0 539.5 b 153.8 a 5.69 b 0.49 b 0.07 b 0.04 a 
50%-0-50%-52 kg 785.5 a 173.4 a 6.49 ab 0.56 ab 0.09 a 0.05 a 
52 kg-52 kg-52 kg-0 911.5 a 189.7 a 7.01 a 0.58 a 0.09 a 0.05 a 
a Treatment structure refers to weekly nitrogen (N) application rates as either a percentage 
of the recommended single preflood rate or in terms of kg N ha-1 (kg). The first number 
corresponds to the pre-irrigation timing followed by the three subsequent weeks. 
b Means followed by the same letter within a column are not significantly different using a 
protected LSD at α=0.05. 
 
Conclusions 
 Uptake of all nutrients, in terms of treatment effect, was heavily influenced by above-
ground biomass. The treatments that produced the greatest biomass also yielded the greatest 
uptake of all nutrients in the current study. However, P, K, Ca, Na, Mn, and Fe uptake were 
influenced by location within the field, suggesting that the presence or absence of a flood 
impacts uptake of these nutrients. Phosphorus, K, Na, and Mn were taken up in significantly 
greater amounts at the bottom of the field, where a flood was held from R1 to maturity, on clayey 
and loamy soils. Uptake of Ca was also significantly greater at the bottom of the field on a 
clayey soil. Uptake of Mg was greater at the bottom of the field on a clayey soil in the absence of 
N fertilization, but with N fertilization there was no effect of location within the field. It should 
be noted that comparing the bottom of a FIR field to a CF system is relevant and practical, but 
differences in the two systems (i.e. the delay of permanent flood establishment and different N 
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CHAPTER SIX: Conclusions 
 
 The research studies presented in this dissertation provide a novel research base for 
formulating recommendations to produce furrow-irrigated rice (FIR) and, to a lesser extent, 
alternate wetting and drying (AWD) rice. The current studies suggest that irrigation of FIR and 
AWD can be delayed until at least -45 kPa at a depth of 10 cm in the top one-third of the field 
without a grain or milling yield penalty. Producing FIR with the -45 kPa irrigation threshold used 
an average of 33.5% less irrigation water than the control flood, while AWD under the same 
threshold used near 50% less irrigation water. Another important aspect of FIR is management of 
nitrogen (N) in the system, which will inherently differ in the absence of a permanent flood. On 
clayey soils, a three-way split consisting of 84 kg N ha-1 at V5-V6 (pre-irrigation), followed by 
84 kg N ha-1 two weeks after the initial application, followed by 52 kg N ha-1 one week after the 
second application consistently maximized rice grain and milling yield. On silt loam soils, the 
options were much more open and included a series of three weekly applications of 52 kg N ha-1, 
a four-way split of the recommended single preflood N rate for flooded rice production, and 
several other options involving higher season total N rates. Nutrient survey work taken from the 
N management trials suggests that the management recommendations for other nutrients, 
specifically phosphorus (P) and potassium (K), may also need revision. Both P and K uptake 
were significantly less at the top end of the field, where aerobic conditions generally existed 
throughout the season, compared to the bottom end of the field, where flooded and anaerobic 
conditions existed. The work presented throughout this dissertation should allow for much more 
sound recommendations to be made involving FIR and AWD rice production in the Mid-South.  
149 
 
 Sound recommendations can be made from the studies presented in this dissertation. 
When irrigating both AWD rice and FIR, a -45 kPa irrigation threshold at the 10 cm depth in the 
top one-third of the field should be utilized to maintain rice grain yield and quality while 
reducing irrigation water requirement. While the N management of AWD rice does not need to 
vary from conventional direct-seeded, delayed-flood production, FIR N management should 
differ depending upon soil type. On a clayey soil texture, a three-way split consisting of 84 kg N 
ha-1 at the pre-irrigation timing  (V5-V6 stage), followed by 84 kg N ha-1 two weeks later, 
followed by 52 kg N ha-1 one week after the second application should be used to produce 
maximal yield in FIR. On a silt loam soil texture, N management has much more leeway to 
produce maximal yield; however, a program consisting of three weekly applications of 52 kg N 
ha-1 beginning at V5-V6 stage has great utility with less potential for miscommunication or 
applicator error. Regarding nutrient management in FIR aside from N, phosphorus (P) and 
potassium (K) uptake are likely to be significantly less in the non-flooded portion of FIR 
production situation, but it is not clear whether fertilization rates should be altered from that of 
continuously flooded rice.  
 There are several opportunities for future work stemming from this dissertation. Irrigation 
was stretched to -45 kPa for AWD rice and FIR, but yield did not begin to decline. In the future, 
it would be of interest to define the ceiling for how far irrigation intervals can be stretched before 
yield begins to decline. Greater water savings would certainly be possible with an irrigation 
threshold beyond -45 kPa. Additionally, the proper N management program to maximize grain 
and milling yield of FIR has been defined, but the economics and the environmental impacts of 
these programs should be examined. For example, is the additional N and the subsequent 
increase in yield profitable? Also, it is imperative to evaluate the major N loss pathways in FIR 
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and the effectiveness of each individual N application in order to improve N management in the 
future. Stemming from the nutrient uptake surveys, mainly pertaining to P, K, and zinc (Zn), 
future studies should be conducted focusing on the management of these nutrients. We know that 
uptake of P and K tends to be lower in the non-flooded portion of a FIR field, so it may be 
necessary to revise the recommendations that come from continuously flooded rice production. 
With the research presented here as the groundwork, these future studies have the potential to 





Table 1. Date and amount of water applied for each irrigation application in alternate wetting 
and drying (AWD) and furrow-irrigated rice (FIR) trials located at the Pine Tree Research 
Station (PTRS) and the Northeast Research and Extension Center (NEREC) in eastern Arkansas.  
Study Site-Year Treatment Date Irrigation Water 
Applied 
    mm 
AWD 2018 PTRS -15 kPa 20 June 202 
AWD 2018 PTRS -15 kPa 24 June 16 
AWD 2018 PTRS -15 kPa 27 June 26 
AWD 2018 PTRS -15 kPa 28 June 34 
AWD 2018 PTRS -15 kPa 2 July 18 
AWD 2018 PTRS -15 kPa 3 July 24 
AWD 2018 PTRS -15 kPa 5 July 13 
AWD 2018 PTRS -15 kPa 6 July 8 
AWD 2018 PTRS -15 kPa 9 July 9 
AWD 2018 PTRS -15 kPa 10 July 18 
AWD 2018 PTRS -15 kPa 11 July 2 
AWD 2018 PTRS -15 kPa 12 July 13 
AWD 2018 PTRS -15 kPa 25 July 36 
AWD 2018 PTRS -15 kPa 26 July 38 
AWD 2018 PTRS -15 kPa 8 Aug 24 
AWD 2018 PTRS -15 kPa 20 Aug 3 
AWD 2018 PTRS -15 kPa 23 Aug 32 
AWD 2018 PTRS -15 kPa 28 Aug 27 
AWD 2018 PTRS -30 kPa 20 June 202 
AWD 2018 PTRS -30 kPa 24 June 16 
AWD 2018 PTRS -30 kPa 27 June 26 
AWD 2018 PTRS -30 kPa 28 June 34 
AWD 2018 PTRS -30 kPa 2 July 18 
AWD 2018 PTRS -30 kPa 3 July 24 
AWD 2018 PTRS -30 kPa 5 July 13 
AWD 2018 PTRS -30 kPa 6 July 8 
AWD 2018 PTRS -30 kPa 9 July 9 
AWD 2018 PTRS -30 kPa 10 July 18 
AWD 2018 PTRS -30 kPa 11 July 2 
AWD 2018 PTRS -30 kPa 12 July 13 
AWD 2018 PTRS -30 kPa 27 July 14 
AWD 2018 PTRS -30 kPa 28 July 90 
AWD 2018 PTRS -30 kPa 7 Aug 35 
AWD 2018 PTRS -30 kPa 15 Aug 27 
AWD 2018 PTRS -30 kPa 16 Aug 22 
AWD 2018 PTRS -45 kPa 20 June 202 
AWD 2018 PTRS -45 kPa 24 June 16 
AWD 2018 PTRS -45 kPa 27 June 26 
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Table 1 (Cont.) 
Study Site-Year Treatment Date Irrigation Water 
Applied 
    mm 
AWD 2018 PTRS -45 kPa 28 June 34 
AWD 2018 PTRS -45 kPa 2 July 18 
AWD 2018 PTRS -45 kPa 3 July 24 
AWD 2018 PTRS -45 kPa 5 July 13 
AWD 2018 PTRS -45 kPa 6 July 8 
AWD 2018 PTRS -45 kPa 9 July 9 
AWD 2018 PTRS -45 kPa 10 July 18 
AWD 2018 PTRS -45 kPa 11 July 2 
AWD 2018 PTRS -45 kPa 12 July 13 
AWD 2018 PTRS -45 kPa 1 Aug 31 
AWD 2018 PTRS -45 kPa 2 Aug 27 
AWD 2018 PTRS -45 kPa 3 Aug 39 
AWD 2018 PTRS -45 kPa 9 Aug 12 
AWD 2018 PTRS -45 kPa 10 Aug 21 
AWD 2018 PTRS -45 kPa 13 Aug 39 
AWD 2018 PTRS -45 kPa 24 Aug 19 
AWD 2018 PTRS -45 kPa 27 Aug 27 
AWD 2018 PTRS Control 20 June 202 
AWD 2018 PTRS Control 24 June 16 
AWD 2018 PTRS Control 27 June 26 
AWD 2018 PTRS Control 28 June 34 
AWD 2018 PTRS Control 2 July 18 
AWD 2018 PTRS Control 3 July 24 
AWD 2018 PTRS Control 5 July 13 
AWD 2018 PTRS Control 6 July 8 
AWD 2018 PTRS Control 9 July 9 
AWD 2018 PTRS Control 10 July 18 
AWD 2018 PTRS Control 11 July 2 
AWD 2018 PTRS Control 12 July 13 
AWD 2018 PTRS Control 16 July 14 
AWD 2018 PTRS Control 17 July 23 
AWD 2018 PTRS Control 20 July 40 
AWD 2018 PTRS Control 23 July 29 
AWD 2018 PTRS Control 24 July 35 
AWD 2018 PTRS Control 27 July 11 
AWD 2018 PTRS Control 30 July 11 
AWD 2018 PTRS Control 6 Aug 37 
AWD 2018 PTRS Control 14 Aug 30 
AWD 2018 NEREC -15 kPa 22 June 51 
AWD 2018 NEREC -15 kPa 25 June 36 
AWD 2018 NEREC -15 kPa 26 June 20 
AWD 2018 NEREC -15 kPa 28 June 40 
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Table 1 (Cont.) 
Study Site-Year Treatment Date Irrigation Water 
Applied 
    mm 
AWD 2018 NEREC -15 kPa 2 July 25 
AWD 2018 NEREC -15 kPa 3 July 17 
AWD 2018 NEREC -15 kPa 5 July 24 
AWD 2018 NEREC -15 kPa 6 July 18 
AWD 2018 NEREC -15 kPa 31 July 201 
AWD 2018 NEREC -30 kPa 22 June 51 
AWD 2018 NEREC -30 kPa 25 June 36 
AWD 2018 NEREC -30 kPa 26 June 20 
AWD 2018 NEREC -30 kPa 28 June 40 
AWD 2018 NEREC -30 kPa 2 July 25 
AWD 2018 NEREC -30 kPa 3 July 17 
AWD 2018 NEREC -30 kPa 5 July 24 
AWD 2018 NEREC -30 kPa 6 July 18 
AWD 2018 NEREC -30 kPa 6 Aug 157 
AWD 2018 NEREC -45 kPa 22 June 51 
AWD 2018 NEREC -45 kPa 25 June 36 
AWD 2018 NEREC -45 kPa 26 June 20 
AWD 2018 NEREC -45 kPa 28 June 40 
AWD 2018 NEREC -45 kPa 2 July 25 
AWD 2018 NEREC -45 kPa 3 July 17 
AWD 2018 NEREC -45 kPa 5 July 24 
AWD 2018 NEREC -45 kPa 6 July 18 
AWD 2018 NEREC -45 kPa 13 Aug 159 
AWD 2018 NEREC Control 22 June 51 
AWD 2018 NEREC Control 25 June 36 
AWD 2018 NEREC Control 26 June 20 
AWD 2018 NEREC Control 28 June 40 
AWD 2018 NEREC Control 2 July 25 
AWD 2018 NEREC Control 3 July 17 
AWD 2018 NEREC Control 5 July 24 
AWD 2018 NEREC Control 6 July 18 
AWD 2018 NEREC Control 9 July 99 
AWD 2018 NEREC Control 12 July 55 
AWD 2018 NEREC Control 17 July 85 
AWD 2018 NEREC Control 23 July 141 
AWD 2018 NEREC Control 26 July 53 
AWD 2018 NEREC Control 2 Aug 85 
AWD 2018 NEREC Control 14 Aug 140 
AWD 2019 PTRS -15 kPa 20 June 67 
AWD 2019 PTRS -15 kPa 24 June 49 
AWD 2019 PTRS -15 kPa 2 July 8 
AWD 2019 PTRS -15 kPa 9 July 50 
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Table 1 (Cont.) 
Study Site-Year Treatment Date Irrigation Water 
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    mm 
AWD 2019 PTRS -15 kPa 6 Aug 53 
AWD 2019 PTRS -15 kPa 20 Aug 79 
AWD 2019 PTRS -30 kPa 20 June 67 
AWD 2019 PTRS -30 kPa 24 June 49 
AWD 2019 PTRS -30 kPa 2 July 8 
AWD 2019 PTRS -30 kPa 9 July 50 
AWD 2019 PTRS -30 kPa 7 Aug 50 
AWD 2019 PTRS -30 kPa 21 Aug 54 
AWD 2019 PTRS -45 kPa 20 June 67 
AWD 2019 PTRS -45 kPa 24 June 49 
AWD 2019 PTRS -45 kPa 2 July 8 
AWD 2019 PTRS -45 kPa 9 July 50 
AWD 2019 PTRS -45 kPa 12 Aug 142 
AWD 2019 PTRS -45 kPa 23 Aug 84 
AWD 2019 PTRS Control 20 June 67 
AWD 2019 PTRS Control 24 June 49 
AWD 2019 PTRS Control 2 July 8 
AWD 2019 PTRS Control 9 July 50 
AWD 2019 PTRS Control 30 July 47 
AWD 2019 PTRS Control 31 July 29 
AWD 2019 PTRS Control 13 Aug 107 
AWD 2019 PTRS Control 19 Aug 130 
AWD 2019 NEREC -15 kPa 6 June 215 
AWD 2019 NEREC -15 kPa 2 July 199 
AWD 2019 NEREC -15 kPa 31 July 136 
AWD 2019 NEREC -15 kPa 9 Aug 94 
AWD 2019 NEREC -15 kPa 14 Aug 80 
AWD 2019 NEREC -15 kPa 20 Aug 88 
AWD 2019 NEREC -30 kPa 6 June 215 
AWD 2019 NEREC -30 kPa 1 Aug 76 
AWD 2019 NEREC -30 kPa 10 Aug 112 
AWD 2019 NEREC -30 kPa 15 Aug 80 
AWD 2019 NEREC -45 kPa 6 June 215 
AWD 2019 NEREC -45 kPa 10 Aug 129 
AWD 2019 NEREC -45 kPa 15 Aug 83 
AWD 2019 NEREC Control 6 June 215 
AWD 2019 NEREC Control 18 June 189 
AWD 2019 NEREC Control 21 June 74 
AWD 2019 NEREC Control 25 June 173 
AWD 2019 NEREC Control 1 July 210 
AWD 2019 NEREC Control 8 July 110 
AWD 2019 NEREC Control 22 July 123 
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Study Site-Year Treatment Date Irrigation Water 
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    mm 
AWD 2019 NEREC Control 25 July 46 
AWD 2019 NEREC Control 29 July 129 
AWD 2019 NEREC Control 8 Aug 140 
AWD 2019 NEREC Control 12 Aug 82 
AWD 2019 NEREC Control 19 Aug 100 
FIR 2018 PTRS -15 kPa 25 June 102 
FIR 2018 PTRS -15 kPa 28 June 38 
FIR 2018 PTRS -15 kPa 2 July 53 
FIR 2018 PTRS -15 kPa 6 July 58 
FIR 2018 PTRS -15 kPa 9 July 74 
FIR 2018 PTRS -15 kPa 11 July 97 
FIR 2018 PTRS -15 kPa 13 July 66 
FIR 2018 PTRS -15 kPa 16 July 25 
FIR 2018 PTRS -15 kPa 18 July 31 
FIR 2018 PTRS -15 kPa 20 July 32 
FIR 2018 PTRS -15 kPa 23 July 90 
FIR 2018 PTRS -15 kPa 25 July 53 
FIR 2018 PTRS -15 kPa 2 Aug 51 
FIR 2018 PTRS -15 kPa 6 Aug 63 
FIR 2018 PTRS -30 kPa 25 June 102 
FIR 2018 PTRS -30 kPa 3 July 46 
FIR 2018 PTRS -30 kPa 6 July 77 
FIR 2018 PTRS -30 kPa 10 July 107 
FIR 2018 PTRS -30 kPa 16 July 44 
FIR 2018 PTRS -30 kPa 23 July 26 
FIR 2018 PTRS -30 kPa 26 July 67 
FIR 2018 PTRS -30 kPa 2 Aug 25 
FIR 2018 PTRS -30 kPa 6 Aug 20 
FIR 2018 PTRS -30 kPa 13 Aug 63 
FIR 2018 PTRS -45 kPa 25 June 102 
FIR 2018 PTRS -45 kPa 5 July 52 
FIR 2018 PTRS -45 kPa 12 July 74 
FIR 2018 PTRS -45 kPa 17 July 58 
FIR 2018 PTRS -45 kPa 24 July 67 
FIR 2018 PTRS -45 kPa 7 Aug 56 
FIR 2018 PTRS Control 25 June 102 
FIR 2018 PTRS Control 27 June 91 
FIR 2018 PTRS Control 5 July 56 
FIR 2018 PTRS Control 9 July 29 
FIR 2018 PTRS Control 13 July 25 
FIR 2018 PTRS Control 18 July 35 
FIR 2018 PTRS Control 25 July 58 
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FIR 2018 PTRS Control 27 July 90 
FIR 2018 PTRS Control 31 July 65 
FIR 2018 PTRS Control 8 Aug 92 
FIR 2018 PTRS Control 15 Aug 121 
FIR 2018 NEREC -15 kPa 18 June 89 
FIR 2018 NEREC -15 kPa 26 June 76 
FIR 2018 NEREC -15 kPa 2 July 72 
FIR 2018 NEREC -15 kPa 9 July 65 
FIR 2018 NEREC -15 kPa 17 July 61 
FIR 2018 NEREC -15 kPa 23 July 76 
FIR 2018 NEREC -15 kPa 30 July 74 
FIR 2018 NEREC -15 kPa 5 Aug 85 
FIR 2018 NEREC -15 kPa 13 Aug 118 
FIR 2018 NEREC -15 kPa 23 Aug 78 
FIR 2018 NEREC -15 kPa 26 Aug 93 
FIR 2018 NEREC -30 kPa 18 June 89 
FIR 2018 NEREC -30 kPa 3 July 77 
FIR 2018 NEREC -30 kPa 12 July 94 
FIR 2018 NEREC -30 kPa 23 July 109 
FIR 2018 NEREC -30 kPa 30 July 107 
FIR 2018 NEREC -30 kPa 8 Aug 103 
FIR 2018 NEREC -30 kPa 27 Aug 93 
FIR 2018 NEREC -45 kPa 18 June 89 
FIR 2018 NEREC -45 kPa 5 July 73 
FIR 2018 NEREC -45 kPa 12 July 106 
FIR 2018 NEREC -45 kPa 24 July 97 
FIR 2018 NEREC -45 kPa 31 July 93 
FIR 2018 NEREC -45 kPa 9 Aug 44 
FIR 2018 NEREC -45 kPa 27 Aug 97 
FIR 2018 NEREC Control 22 June 51 
FIR 2018 NEREC Control 25 June 36 
FIR 2018 NEREC Control 26 June 20 
FIR 2018 NEREC Control 28 June 40 
FIR 2018 NEREC Control 2 July 25 
FIR 2018 NEREC Control 3 July 17 
FIR 2018 NEREC Control 5 July 24 
FIR 2018 NEREC Control 6 July 18 
FIR 2018 NEREC Control 9 July 99 
FIR 2018 NEREC Control 12 July 55 
FIR 2018 NEREC Control 17 July 85 
FIR 2018 NEREC Control 23 July 141 
FIR 2018 NEREC Control 26 July 53 
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FIR 2018 NEREC Control 2 Aug 85 
FIR 2018 NEREC Control 14 Aug 140 
FIR 2019 PTRS -15 kPa 17 June 309 
FIR 2019 PTRS -15 kPa 27 June 56 
FIR 2019 PTRS -15 kPa 8 July 65 
FIR 2019 PTRS -15 kPa 9 July 163 
FIR 2019 PTRS -15 kPa 22 July 59 
FIR 2019 PTRS -15 kPa 25 July 74 
FIR 2019 PTRS -15 kPa 29 July 32 
FIR 2019 PTRS -15 kPa 1 Aug 53 
FIR 2019 PTRS -15 kPa 5 Aug 86 
FIR 2019 PTRS -15 kPa 12 Aug 146 
FIR 2019 PTRS -15 kPa 16 Aug 47 
FIR 2019 PTRS -15 kPa 20 Aug 93 
FIR 2019 PTRS -15 kPa 29 Aug 51 
FIR 2019 PTRS -15 kPa 3 Sept 13 
FIR 2019 PTRS -15 kPa 4 Sept 35 
FIR 2019 PTRS -15 kPa 9 Sept 42 
FIR 2019 PTRS -30 kPa 17 June 309 
FIR 2019 PTRS -30 kPa 26 July 93 
FIR 2019 PTRS -30 kPa 29 July 42 
FIR 2019 PTRS -30 kPa 1 Aug 70 
FIR 2019 PTRS -30 kPa 6 Aug 174 
FIR 2019 PTRS -30 kPa 16 Aug 62 
FIR 2019 PTRS -30 kPa 21 Aug 118 
FIR 2019 PTRS -30 kPa 30 Aug 86 
FIR 2019 PTRS -30 kPa 6 Sept 103 
FIR 2019 PTRS -30 kPa 9 Sept 42 
FIR 2019 PTRS -45 kPa 17 June 309 
FIR 2019 PTRS -45 kPa 11 July 77 
FIR 2019 PTRS -45 kPa 29 July 42 
FIR 2019 PTRS -45 kPa 2 Aug 73 
FIR 2019 PTRS -45 kPa 7 Aug 161 
FIR 2019 PTRS -45 kPa 23 Aug 87 
FIR 2019 PTRS -45 kPa 9 Sept 42 
FIR 2019 PTRS Control 17 June 309 
FIR 2019 PTRS Control 30 July 74 
FIR 2019 PTRS Control 31 July 76 
FIR 2019 PTRS Control 19 Aug 254 
FIR 2019 PTRS Control 28 Aug 245 
FIR 2019 NEREC -15 kPa 13 June 86 
FIR 2019 NEREC -15 kPa 21 June 89 
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FIR 2019 NEREC -15 kPa 26 June 70 
FIR 2019 NEREC -15 kPa 1 July 84 
FIR 2019 NEREC -15 kPa 8 July 83 
FIR 2019 NEREC -15 kPa 19 July 102 
FIR 2019 NEREC -15 kPa 23 July 93 
FIR 2019 NEREC -15 kPa 1 Aug 94 
FIR 2019 NEREC -15 kPa 7 Aug 120 
FIR 2019 NEREC -15 kPa 13 Aug 88 
FIR 2019 NEREC -15 kPa 19 Aug 85 
FIR 2019 NEREC -15 kPa 30 Aug 53 
FIR 2019 NEREC -30 kPa 14 June 83 
FIR 2019 NEREC -30 kPa 22 June 80 
FIR 2019 NEREC -30 kPa 27 June 64 
FIR 2019 NEREC -30 kPa 2 July 78 
FIR 2019 NEREC -30 kPa 9 July 55 
FIR 2019 NEREC -30 kPa 19 July 88 
FIR 2019 NEREC -30 kPa 25 July 85 
FIR 2019 NEREC -30 kPa 2 Aug 61 
FIR 2019 NEREC -30 kPa 9 Aug 62 
FIR 2019 NEREC -30 kPa 14 Aug 83 
FIR 2019 NEREC -30 kPa 20 Aug 76 
FIR 2019 NEREC -30 kPa 30 Aug 53 
FIR 2019 NEREC -45 kPa 15 June 89 
FIR 2019 NEREC -45 kPa 28 June 70 
FIR 2019 NEREC -45 kPa 9 July 68 
FIR 2019 NEREC -45 kPa 20 July 83 
FIR 2019 NEREC -45 kPa 26 July 83 
FIR 2019 NEREC -45 kPa 5 Aug 36 
FIR 2019 NEREC -45 kPa 10 Aug 106 
FIR 2019 NEREC -45 kPa 16 Aug 82 
FIR 2019 NEREC -45 kPa 21 Aug 53 
FIR 2019 NEREC -45 kPa 30 Aug 53 
FIR 2019 NEREC Control 6 June 215 
FIR 2019 NEREC Control 18 June 189 
FIR 2019 NEREC Control 21 June 74 
FIR 2019 NEREC Control 25 June 173 
FIR 2019 NEREC Control 1 July 210 
FIR 2019 NEREC Control 8 July 110 
FIR 2019 NEREC Control 22 July 123 
FIR 2019 NEREC Control 25 July 46 
FIR 2019 NEREC Control 29 July 129 
FIR 2019 NEREC Control 8 Aug 140 
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FIR 2019 NEREC Control 12 Aug 82 
FIR 2019 NEREC Control 19 Aug 100 
 
